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ABSTRACT
Paleomagnetic and rock magnetic data from two transects of 
southern and northern Appalachian Basin carbonates demonstrate 
different patterns of Late Paleozoic remagnetization and magnetite 
concentration. Samples were collected in Ordovician and 
Mississippian carbonates of Tennessee and Alabama and in Devonian 
carbonates of New York and Ontario. In the southern basin,
Paleozoic carbonates of the Nashville Dome and of the fold-thrust 
belt near Chattanooga were remagnetized during the Late Paleozoic 
Kiaman period. These remagnetized carbonates contain more magnetite 
than do unremagnetized carbonates in the intervening basin. The 
unremagnetized carbonates demonstrate only a present field 
magnetization except for one Mississippian site in Alabama which 
retains a dual-polarity magnetization of probable Mississippian age. 
It is concluded that remagnetization in this area is a chemical
remanent magnetization (CRM) related to magnetite authigenesis. In
the northern basin, all sites across New York and southeastern
Ontario were remagnetized during the Kiaman interval except for the
two westernmost sites on the Algonquin Arch. The unremagnetized 
sites retain a dual-polarity magnetization of probable Devonian age. 
In the remagnetized sites, the size of the Kiaman components, the 
magnetite concentration, the K-feldspar concentration, and the 
percent illite (in a bentonite horizon) are all highest in the 
center of the transect and lower to the east and west. The central 
sites also have the highest unblocking temperatures and the largest
IX
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ratios of anhysteretic remanent magnetization to bulk 
susceptibility, indicating that these sites contain the most 
single-domain magnetite. It is concluded that remagnetization in 
the northern Appalachian Basin is a CRM resulting from authigenesis 
of single-domain magnetite, and that illite formation and 
authigenesis of K-feldspar may be related to magnetite synthesis in 
this setting. The varying patterns of remagnetization in the 
southern and northern Appalachian Basins are attributed to the much 
greater depth of burial of the northern basin during the Late 
Paleozoic. It is suggested that fluids migrating towards the craton 
from the Late Paleozoic Alleghenican orogenic zone triggered 
magnetite formation in the Appalachian Basin. Laboratory and field 
studies which demonstrate authigenic magnetite formation are 
reviewed. Several models are suggested to explain magnetite 
authigenesis in carbonates.
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CHAPTER 1
INTRODUCTION
Numerous rock formations in North America, ranging in age from 
Cambrian to Carboniferous, carry a magnetic component (i.e., 
southeast declination and shallow inclination) corresponding to the 
expected direction for the Late Paleozoic (Pennsylvanian-Permian) 
time period (e.g., Kent, 1979; Scotese et al., 1982; McCabe et al., 
1983, 1984; Van der Voo, 1989). It is generally accepted that these 
rocks, distributed throughout the Appalachian fold belt as well as 
in cratonic sequences, were remagnetized during the 70 million year 
long Kiaman Reverse Magnetic Polarity Interval, which ended in the 
Late Permian about 250 million years ago.
Types of remagnetized rocks. Two types of sedimentary rocks 
exhibit this Late Paleozoic secondary magnetization: red beds and 
carbonates. In Appalachian Paleozoic red beds, where the 
magnetization resides in hematite, three magnetization components 
are resolvable: 1) an overprint corresponding to the Earth's present 
field, 2) a pre-Kiaman (presumably primary depositiona1) component 
and, 3) a secondary Kiaman component. Fold tests have shown that 
the secondary component is a synfolding remagnetization acquired 
during the Late Paleozoic Alleghenian orogeny (Kent and Opdyke,
1983; Miller and Kent, 1986). Conversely, in Appalachian carbonates 
the magnetization usually resides in magnetite and the Kiaman 
remagnetization component is generally the only magnetization
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
remaining after removal of the overprint of the Earth's present 
field (e.g., McCabe et al., 1983, 1984). Like the red bed 
remagnetization, the carbonate remagnetization also appears to be a 
synfolding magnetization acquired during the Alleghenian orogeny 
(McCabe et al., 1983; Bachtadse et al., 1987).
Acquisition of magnetization. Samples containing several 
distinct components of magnetization are routinely used in 
paleomagnetic analyses. Rocks generally acquire an original 
remanent magnetization at the time of their formation. This usually 
happens in one of two ways: when magnetic minerals cool from above 
their Curie temperatures in the earth's magnetic field (e.g., in 
igneous rocks), or when detrital magnetic grains become aligned with 
the earth's magnetic field upon deposition or shortly thereafter 
(e.g., in sedimentary rocks). After this time, rocks can acquire 
secondary components of magnetization which might erase or mask 
their original magnetic directions. It is therefore important to 
understand mechanisms of remagnetization.
Methods of remagnetization. There are several ways in which 
rocks can be remagnetized, including thermal, chemical and 
biological processes.
Thermal activation. Thermal effects can be related to either a 
viscous remanent magnetization (VRM), which results from the 
tendency over time for magnetic domains within magnetic grains to 
align with the ambient geomagnetic field, or a partial thermal 
remanent magnetization (pTRM), which results when magnetic grains 
acquire a magnetization in the direction of the ambient field upon
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
cooling from some temperature below their Curie temperature. A 
combination of these effects, a thermoviscous remanence, is often 
seen in geological samples, which typically undergo prolonged 
exposure to the earth's magnetic field, often at moderately elevated 
temperatures during burial.
Chemical magnetization. Chemical remanent magnetization (CRM) 
involves either chemical precipitation or recrystallization of 
magnetic grains. When magnetic minerals are produced by chemical 
reactions at temperatures below their Curie temperatures, they can 
acquire a remanence in the direction of the earth's ambient magnetic 
field.
Biological magnetite. Another possible mechanism of 
remagnetization is biological. Magnetite of biological origin, 
produced in magnetotactic microorganisms, has been observed in many 
sediments. In addition, it has been found that several bacteria 
that are not magnetotactic can precipitate magnetite in laboratory 
experiments and natural sediments (Ellwood et al., 1988). This 
biologically produced magnetite, like other magnetite, can impart a 
remanence in the direction of the earth's ambient magnetic field.
Origin of Appalachian remagnetization. In the Appalachian rocks 
discussed previously, the red bed remagnetizations have a chemical 
origin (Miller and Kent, 1987). The origin of the remagnetization 
component in the carbonates is still being studied. Several workers 
(e.g., McCabe et al., 1983; Bachtadse et al., 1987) found that the 
magnetite in some of these rocks has authigenic textures, and they 
suggest that a chemical remagnetization occurred when diagenetic
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magnetite formed during the Late Paleozoic. In addition, the Kiaman 
remagnetization is observed in cratonic carbonates which have never 
been significantly heated (review in Van der Voo, 1989). This is 
further evidence that the remagnetization is of chemical origin, at 
least in cratonic settings. In contrast, Kent (1985) found that 
thermal effects may be important in Appalachian limestones, and he 
suggests that the Late Paleozoic remagnetizations are due to 
thermoviscous effects. In rocks which have experienced elevated 
temperatures (e.g., due to deep burial and/or passage of hot 
fluids), thermal activation of preexisting magnetite must be 
considered a viable mechanism for remagnetization.
The possibility of biological formation of magnetite further 
complicates the remagnetization picture. Elmore et al. (1987) and 
McCabe et al. (1987) demonstrated that microbial degradation of 
hydrocarbons may be related to magnetite authigenesis in some 
settings. The manner in which this might relate to remagnetization 
of Appalachian Basin carbonates is unclear, however. Many of the 
Appalachian Basin remagnetized units were probably too hot to 
contain liquid hydrocarbons or living microorganisms at the time of 
remanence acquisition.
Fluid migration and remagnetization. The coincidence of the 
Alleghenian orogeny and the timing of the Appalachian 
remagnetizations suggests that there is a relationship between these 
events. McCabe et al. (1984) speculated that the formation of 
diagenetic magnetite was associated with migration of basinal fluids 
towards the craton during Alleghenian mountain building events in
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the Late Paleozoic. More recently, Oliver (1986) formulated a model 
in which remagnetization, formation of Mississippi Valley type ore 
deposits and hydrocarbon migration are all linked to fluid 
migration. Oliver suggests that when continental margins in zones 
of convergence are buried beneath thrust sheets, fluids are expelled 
from the margin sediments and travel into the foreland basin and 
continental interior. Midcontinent epeirogeny has also been linked 
to formation of authigenic minerals. Hay et al. (1988) found that 
Early Devonian ages for authigenic K-feldspar in Upper Mississippi 
Valley deposits correspond approximately to a major episode of 
midcontinent deformation. They suggest that topographic and 
density-driven ground-water flow provides a possible mechanism for 
westward transport of Michigan basin brine to rocks of the Upper 
Mississippi Valley. This leads to speculation that cratonic 
epeirogeny may be related to chemical remagnetizations in 
midcontinent settings which are remote from orogenic belts.
Carbonate remagnetization. The present study is focussed on the 
origin of the remagnetizations in carbonate rocks. This information 
is useful for several purposes: knowledge of the mechanisms and 
environments of remagnetization can aid paleomagnetists in locating 
rocks which retain a primary (depositional) component of 
magnetization. These depositional directions are needed for the 
determination of paleomagnetic pole positions for North America. 
Because of pervasive Late Paleozoic remagnetization, high quality 
determinations of directions and poles, necessary to reconstruct
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continental movements or to document displacement or tilt, have been 
difficult to obtain for the Paleozoic Era.
The carbonate remagnetizations themselves may also be useful.
For example, paleomagnetically determined ages can be used to 
constrain the timing of diagenetic or thermal events which result in 
remagnetization. Some workers have already found that chemical 
remagnetization can be used for placing age constraints on some 
kinds of diagenetic events (e.g., Wisniowiecki et al., 1983; 
Bachtadse et al., 1987).
RELATED STUDIES
Chemical remagnetization versus thermal activation. Debate 
concerning the mechanism of remagnetization of Appalachian carbonate 
rocks has been going on for some time. McCabe et al. (1983) argued 
that the secondary magnetizations in Middle Paleozoic carbonates 
from New York State and from the Valley and Ridge Province of the 
Central Appalachians is a chemical remanence due to authigenic 
growth of magnetite. They dismissed the possibility that the 
secondary component is due to thermal remagnetization of preexisting 
magnetite because the observed laboratory demagnetization 
temperatures are higher than those predicted using published 
estimates of burial temperature history. McCabe et al. (1983) 
showed that even with a high conodont alteration index (CAI) of 4.5 
(corresponding to heating at 255°C for 10^ years), maximum 
demagnetization temperatures of only 400°C are predicted from the
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temperature-relaxation time diagram of Pullaiah et al. (1975) (which 
is used to determine the time-temperature field which controls the 
activation of magnetic grains). This cannot account for the 
observed laboratory demagnetization temperatures of up to 500°C for 
the remagnetization component.
Grain size. There is some question, however, concerning the 
applicability of Pullaiah et al.'s (1975) model to these 
magnetite-bearing carbonates. First, the model is formulated for 
single-domain magnetite grains. The magnetic properties of 
ferromagnetic grains are largely related to the arrangement of 
magnetic regions called domains. A domain is an area of a crystal 
which behaves as a unit during changes in magnetization (Thompson 
and Oldfield, 1986). A stable size range for single-domain 
magnetite grains is 0.04-0.1 micron. Grains larger than 0.1 micron 
generally contain multiple domains. McCabe et al. (1983) describe 
the magnetite crystallites in their sample extracts as being 0.5 to 
2 microns in diameter and various rock-magnetic tests provide 
additional evidence for larger-sized multidomain magnetite grains in 
some of these carbonates (Kent, 1985). Clearly, single-domain 
activation theory cannot necessarily be assumed to correctly predict 
the temperature of thermoviscous remanence acquisition in rocks 
where the magnetism is dominated by multidomain grains. Second, as 
Kent (1985) points out, if the ubiquitous present field component in 
these carbonates is assumed to be a VRM acquired at ambient 
temperatures (e.g., 20°C) since the beginning of the Bruhnes Normal 
Polarity Chron (0.73Ma), then the theoretical time-temperature
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relationship of Pullaiah et a 1 . ( 1975) cannot account for this 
component either, because the maximum predicted unblocking 
temperature (150°C) is significantly less than that observed 
(275-300°C.).
Kent (1985) believes that the model of Pullaiah et al. (1975) 
underestimates VRM stability in multidomain magnetite grains. He 
suggests that a model developed by Middleton and Schmidt (1982) 
based on Walton's (1980) thermal activation theory, which includes a 
dependence on grain size distribution, is more applicable to these 
rocks. In a study of Devonian limestones from New York State, Kent 
(1985) used field tests to demonstrate that the present field 
overprint was acquired since the last glaciation, over about the 
last 10,000 years. As Kent shows, according to the Middleton and 
Schmidt curves, a VRM acquired at 20°C for 10,000 years should be 
removed by heating for 45 minutes at 240°C, about 100° higher than 
predicted by the curves of Pullaiah et al. (1975), and closer to the 
observed laboratory unblocking temperature of 275°C. Kent argues, 
therefore, that thermal remagnetization cannot be readily dismissed 
as a mechanism to account for the remagnetization component in 
limestones he studied in New York State where the CAI is 4 or 
higher.
Further support for the argument that Pullaiah et al.'s (1975) 
model is not applicable to rocks containing multidomain magnetite is 
provided by both experimental evidence and theory. Worm et al.
(1988) determined experimentally that the demagnetization curves of 
pTRM of single-domain and multidomain magnetite grains are
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fundamentally different. They found that while single-domain 
remanences can be demagnetized at temperatures only slightly higher 
than the magnetizing temperature, multidomain grains can require 
heating to the Curie temperature in order to demagnetize a pTRM 
acquired at a temperature considerably below the Curie temperature. 
Enkin and Dunlop (1988), using theoretical considerations, 
determined that acquisition of viscous magnetization is more rapid 
than decay. Consequently, the demagnetization temperature needed to 
clean a VRM is higher than predicted by previous models and the 
correction to the demagnetization temperature is substantial for 
multidomain size grains.
Thermoviscous remagnetization. The studies cited above indicate 
that the importance of thermoviscous effects in magnetite-bearing 
rocks may have been underestimated in low to moderate temperature 
regimes. Having demonstrated this, however, it must be said that a 
thermoviscous remagnetization model for Late Paleozoic carbonates 
has significant problems. First, there is evidence that Ordovician 
to Devonian strata of the northern Appalachian Basin in New York 
State were deeply buried and subjected to temperatures of 100-200°C 
during the Late Paleozoic (Johnsson, 1986; Friedman, 1987), when the 
secondary magnetization was acquired. Apatite fission-track cooling 
ages from a bentonite horizon within the Middle Devonian strata 
indicate that the northern Appalachian Basin was uplifted during the 
Mesozoic Era (Johnsson, 1986). If thermoviscous remagnetization 
occurred, a Mesozoic magnetic component, acquired during uplift and 
cooling, might be expected in the Ordovician and Devonian strata.
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Such a component has not been observed in any samples from New York 
State.
A second problem with the thermoviscous model is demonstrated by 
remagnetized cratonic carbonates which have never been subjected to 
high temperatures, according to thermal maturity indicators and 
tectonic models. Examples are seen from Iowa, Wisconsin, Missouri 
and Indiana (Van der Voo, 1989). It seems unlikely that 
thermoviscous processes were important in these mid-continent 
settings.
Recent studies. More recent studies of Paleozoic Appalachian 
carbonates may help to resolve this issue. Jackson (1990), using 
rock magnetic tests, found that although large single-domain and 
multidomain grains are volumetrically dominant in the Knox Dolomite, 
Trenton Limestone and Onondaga Limestone, the Late Paleozoic 
remagnetization probably resides in single-domain particles.
Scanning electron microscope studies of remagnetized limestones from 
New York support Jackson's conclusions. Magnetic extracts from 
these rocks were found to contain fine-grained magnetite capable of 
carrying remanent magnetizations (Suk et al., 1993).
If fine-grained magnetite carries the Kiaman remagnetization, 
then the argument first presented by McCabe et al. (1983) is valid, 
and unblocking temperatures are too great to support a thermoviscous 
remagnetization mechanism.
Magnetic superchrons. Another possibility to be considered is 
that the long Kiaman interval of reversed polarity contributed to 
the pervasive remagnetization. Moon and Merrill (1986) present a
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mechanism by which a 'transdomain' VRM can be acquired in small 
multidomain grains. This occurs when grains of one domain 
configuration change to a more stable (i.e., lower energy) 
configuration. An example would be a 2-domain grain transforming to 
a 3-domain grain. Mathematical considerations indicate that this 
process is particularly important if the magnetic field remains in 
one polarity for a significant length of time. In addition, the 
transdomain component would be very stable and more resistant to 
conventional demagnetizing techniques than the primary remanence.
If this process occurred in remagnetized carbonates, it could 
explain why primary magnetization components are difficult to 
isolate in Appalachian carbonates. A major problem with this model, 
however, is the fact that overprints from the 34 million year long 
Cretaceous Normal Superchron are not generally observed in 
Appalachian or midcontinent carbonates. If transdomain VRM 
acquisition was a common method of remagnetization during long 
single-polarity intervals, a Cretaceous magnetization component 
would be expected in some of these rocks.
Biological contributions. Biological mechanisms involving 
bacterially produced magnetite are probably not important in the 
remagnetization of Appalachian carbonates. As mentioned previously, 
some of these units were too hot to allow living organisms to 
thrive. In addition, bacterial magnetites have unique 
characteristics. The crystals are euhedral, 10-50 nanometers in 
size, and exhibit single-domain behavior (Stolz and King, 1988). 
Magnetite grains of this type are not known to be associated with
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remagnetized Appalachian carbonates. Therefore, even carbonate 
units which were not significantly heated are unlikely to have been 
remagnetized by bacterial magnetite. As mentioned previously, 
however, there is circumstantial evidence that microbial degradation 
of hydrocarbons may have a connection with the formation of 
magnetite spherules (McCabe et al. 1987; Elmore et al., 1987).
Elmore et al. (1987) found a strong spatial association between 
authigenic magnetite and hydrocarbon filled primary fluid inclusions 
in Permian age carbonates which have a Kiaman magnetic direction. 
Authigenic magnetic spherules have also been reported from 
midcontinent oil seeps that have been microbially degraded (McCabe 
et al., 1987). Elmore et al. (1987) emphasize, however, that 
mibrobially mediated production of magnetite is not proven by their 
data, and that other diagenetic mechanisms involving hydrocarbons 
may occur. In any case, if hydrocarbons (with or without microbial 
degradation) create an environment which allows the precipitation of 
authigenic magnetite, the resulting magnetization component would be 
a CRM. This brings us back to the question of whether the Kiaman 
age remagnetizations have a chemical origin.
Evidence for chemical remagnetization. There are several lines of 
evidence which support the hypothesis that chemical processes were 
responsible for the Appalachian carbonate remagnetizations. First, 
Appalachian redbed remagnetizations have a chemical origin (Miller 
and Kent, 1987), and it seems logical that carbonates in the same 
general environments were remagnetized in an analogous fashion. 
Second, petrologic study of magnetite extracted from Devonian
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Helderberg carbonates from New York State demonstrated that many of 
the grains are authigenic (McCabe et al., 1983). These authigenic 
magnetites may have formed at the time of the remagnetization event, 
but the possibility remains that they were formed prior to the 
Kiaman Interval, and remagnetized later by thermoviscous processes. 
More definite age constraints for authigenic magnetite in the 
Appalachians is presented in a study of Ordovician carbonates from 
east Tennessee which contain Mississippi Valley type ore deposits 
(Bachtadse et al., 1987). Bachtadse et al. (1987) show that a 
probable A1leghenian-age magnetization in these carbonates is 
secondary and carried by authigenic magnetite. Because the 
magnetite is uniformly distributed in the ore and the host rock, 
they infer that the magnetization postdates ore formation, which is 
Devonian (Nakai et al., 1990). Bachtadse et al. (1987) therefore 
suggest that the magnetization was acquired during the growth of 
authigenic magnetite at the time of a Late Paleozoic chemical event.
A third line of evidence which supports a CRM for secondary 
Appalachian remagnetizations involves variations in magnetite 
concentration along the outcrop belt of remagnetized Lower and 
Middle Devonian carbonates from Buffalo to Albany in upstate New 
York (Jackson et al., 1988). Magnetite concentration, determined 
from susceptibility measurements, correlates with both a Late 
Paleozoic temperature gradient and percent illite gradient (in 
illite-smectite mixed layer clays in a bentonite layer) along this 
profile. In the Middle Devonian Onondaga Formation, magnetite 
concentration and percent illite are low in the western part of the
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profile (near Buffalo), reach a maximum near Syracuse, and are 
moderate at the easternmost end of the transect (near Albany) 
(Jackson et al., 1988). The correlation between magnetite 
concentration and percent illite suggests a common diagenetic origin 
for both.
Chemical and thermal contributions. A last possibility to be 
considered is that the Kiaman remagnetization involved both chemical 
and thermal magnetization processes. Dorobek (1989) presents 
evidence for migration of high-temperature, high-pressure fluids 
through Lower Devonian Helderberg carbonates of the central 
Appalachians. Fluid inclusion data and petrography of 
fracture-filling cements suggest that fluid migration occurred 
during or after the Alleghenian orogeny. Dorobek found two-phase 
fluid inclusion homogenization temperatures of 200-300°C, which 
greatly exceed maximum paleotemperatures of about 150°C indicated by 
most geothermometers (e.g., CAI, vitrinite reflectance) for the 
Helderberg Group.
Dorobek (1989) presents a model which shows that episodic hot 
fluid migration initiated by orogenic events could result in 
short-lived thermal anomalies which would not affect CAI values or 
vitrinite reflectance. He further suggests that increases of 
ambient burial temperature of up to 300°C for 1000 to 50,000 years 
could remagnetize preexisting magnetite and explain secondary 
magnetization in deformed rocks.
There is some question, however, concerning Dorobek's findings. 
Deming et al. (1990) suggest that there were insufficient basinal
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fluids to produce heating by Dorobek's (1989) proposed mechanism.
In addition, Thorne (1992) used cross-cutting relationships to show 
that fluid inclusions with homogenization temperatures of 200-225°C 
postdate Alleghenian folding. This suggests that these fluids were 
not overpressured. Thorne (1992) believes that nearly all the fluid 
inclusions from the Helderberg limestones have stretched, and that 
they contain dissolved gases, which significantly affects the 
homogenization temperature. Thorne argues that the high 
temperatures in the Helderberg were produced by burial and 
conductive heating. This interpretation is corroborated by recent 
studies of coexisting brine-methane inclusions from the Valley and 
Ridge (Kish and Van Den Kerkhoff, 1991; Lacazette, 1991; Srivastava 
and Engelder, 1991) and vitrinite reflectance in the Appalachian 
Plateau (Zhang and Davis, 1993).
If episodic migration of hot fluids did occur, this might have 
resulted in both remagnetization of preexisting magnetite and 
formation of authigenic magnetite. The remagnetization process 
would then involve both chemical and thermal processes.
In summary, there is currently no consensus concerning the 
mechanism or mechanisms of remagnetization of Paleozoic carbonates 
in eastern North America. There is evidence in support of both 
thermal and chemical models for acquisition of secondary 
magnetizations. Thermoviscous remagnetization is more likely to 
have occurred in areas which were subjected to relatively high 
temperatures, whereas chemical processes are more likely where 
temperatures have remained low. The studies discussed in this paper
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were designed to elucidate the mechanism of remagnetization in 
different parts of the Appalachian Basin.
STUDY PLAN 
GENERAL GEOLOGICAL SETTING
The field areas chosen for study are Middle Devonian carbonates 
of the northern Appalachian Basin and Ordovician and Mississippian 
carbonates of the southern Appalachian Basin. The Appalachian Basin 
is a multistage foreland basin formed by lithospheric downwarp under 
the loads of successive Taconic, Acadian, and Alleghenian 
overthrusts in the Appalachian Mountains. Peripheral upwarping 
between the Appalachian Basin and the contemporaneous intracratonic 
Michigan and Illinois Basins produced the interbasinal Findlay- 
Algonquin and Cincinatti arches, as well as the Jessamine and 
Nashville Domes (Quinlan and Beaumont, 1984) (Figure 1.1).
The western edge of the Appalachians forms a series of arcs which 
are divided into the southern, central, and northern Appalachians. 
The southern Appalachian arc extends from Alabama to Virginia, the 
central Appalachian arc from Virginia to New York City, and the 
northern Appalachian arc from New York City to the Gulf of St. 
Lawrence in Canada (Figure 1.2).
Northern Appalachian Basin
The field area for the northern Appalachian Basin extends from 
Albany, New York to the Algonquin Arch in southeastern Ontario. 
Samples were collected at regular intervals along this profile.
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Figure 1.2. Map showing southern, central and northern units of 
the Appalachian Mountain Chain. Stippled area represents the 
Appalachian Mountains.
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Southern Appalachian Basin
The field area for the southern Appalachian Basin includes a 
transect in Tennessee which extends from Nashville to Chattanooga 
and a locality in Margerum, Alabama. Carbonate samples were 
collected at regular intervals along the Tennessee profile. In
addition, bituminous limestones were sampled in a quarry in 
Margerum, Alabama.
LABORATORY STUDIES
Northern Appalachian Basin
The study of the northern Appalachian Basin samples involved a 
search for systematic variations in thermal demagnetization 
characteristics along the New York-Ontario transect. Also, rock
magnetic data were used to further test the hypothesis that 
magnetite authigenesis occurred during the Late Paleozoic. These 
procedures permitted evaluation of the contribution of chemical 
and/or thermal mechanisms to remagnetization of these carbonates.
Northern Appalachian Basin specimens were thermally demagnetized 
in 20°C steps to study the unblocking temperatures of the component 
magnetizations. Using this data, model unblocking temperature 
distributions were generated using a recently developed computer 
program. The unblocking temperature ranges and the relative 
magnitudes of the magnetization components were then compared for 
all of the sites along the northern Appalachian profile to see if 
any trends were noted.
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In order to correctly evaluate the unblocking temperature data it 
is important that various rock magnetic tests are performed. One 
important parameter to be evaluated in this way is grain size of 
magnetic minerals. Jackson et al. (1988) analyzed grain sizes in 
carbonate samples by comparing low-field susceptibility (the 
magnetization of a sample in the presence of a small magnetic field) 
(X), and anhysteretic susceptibility (the remanent magnetization 
acquired by a sample in a strong alternating field which is smoothly 
decreased to zero in the presence of a small steady field) (ARM), as 
described by King et al. (1982). Using this procedure, Jackson et 
al. (1988) found fairly uniform grain sizes in Onondaga samples from 
a New York transect. In the current study, grain sizes from 
northern Appalachian Basin samples were investigated by comparing 
the ratios of ARM/X and X/ARM. In addition, magnetic grains were 
extracted from the Onondaga samples to observe with the scanning 
electron microscope (SEM).
A number of other rock magnetic tests involved imparting an 
isothermal remanent magnetization (IRM) to the samples. This is 
done by stepwise exposure of the samples to an increasing magnetic 
field at room temperature. The field at which saturation of 
magnetization occurs depends on mineralogy and grain size (Thompson 
and Oldfield, 1986). This procedure demonstrated that magnetite is 
the only significant magnetic carrier along most of the profile. 
Given this, magnetic susceptibility comparisons were made. 
Susceptibility depends mainly on the magnetite content of the 
material (Thompson and Oldfield, 1986). If magnetite is the only
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carrier present, susceptibility can be used to compare between-site 
magnetite content across the transect.
Southern Appalachian Basin
Studies of remagnetized and nonremagnetized Paleozoic carbonates 
in the southern Appalachian Basin provided important information 
about the remagnetization mechanisms in this setting. Studies of 
the southern Appalachian samples included stepwise acquisition of 
IRM, thermal demagnetization of saturation isothermal remanent 
magnetization (SIRM), low-field susceptibility determination, and 
thermal and alternating field (AF) demagnetization of NRM. Most of 
the carbonates were demagnetized using thermal methods but the 
bituminous limestones from Alabama cannot be heated, and were 
demagnetized using AF procedures. Because the Alabama samples have 
previously been observed to retain an apparent primary 
(Mississippian age) magnetic component, magnetic extracts from these 
samples were studied with the SEM and the electron microprobe for 
characterization of the magnetite carriers.
RESEARCH OBJECTIVES
The overall objectives of this research are:
1) To identify all of the magnetic carriers in the Appalachian Basin 
samples.
2) To estimate the between-site magnetite content of the samples.
3) To determine whether or not a Kiaman age remagnetization is 
present at each site sampled.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
22
4) To study the pattern of magnetite concentration and 
remagnetization across transects of the northern and southern 
Appalachian Basins.
5) To suggest a possible mechanism or mechanisms for remagnetization 
of the Appalachian carbonates.
Much of the research contained in this report has been previously 
published. The information in Chapter 2 was published in a paper 
entitled Regional patterns of magnetite authigenesis in the 
Appalachian Basin: Implications for the mechanism of Late Paleozoic 
remagnetization by C. McCabe, M. Jackson and B. Saffer, J. Geophys. 
Res., 94, 10,429-10,443, 1989 (Copyright by the American Geophysical 
Union). Chapter 3 was published as a paper entitled Further studies 
of carbonate remagnetization in the northern Appalachian Basin by B. 
Saffer and C. McCabe, J. Geophys. Res., 97, 4331-4348, 1993 
(Copyright by the American Geophysical Union).
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CHAPTER 2
REGIONAL PATTERNS OF MAGNETITE AUTHIGENESIS IN THE APPALACHIAN 
BASIN: IMPLICATIONS FOR THE MECHANISM OF LATE PALEOZOIC
REMAGNETIZATION
INTRODUCTION
Over the past several years it has become well established that 
Paleozoic sedimentary rocks in eastern North America commonly carry 
a remagnetization of Late Paleozoic age. Two different types of 
remagnetization have been observed. One type is common in red beds, 
where the overprint resides in hematite as a thermally distributed 
magnetization (e.g., Kent and Opdyke, 1985; Miller and Kent, 1986). 
The red bed remagnetizations are typically syn-A1leghenian ones that 
partially obscure a thermally discrete high unblocking temperature 
magnetization of pre-Alleghenian and presumably depositional origin. 
The other type of remagnetization affects sedimentary carbonates and 
commonly resides in magnetite. Like the red bed remagnetization, 
the carbonate one also appears to be syn-Alleghenian in some cases 
where a fold test has been possible (McCabe et al., 1983; Bachtadse 
et al., 1987; Kodama, 1988). The carbonate remagnetization differs 
from the red bed one in that it resides in a different mineral, and 
it generally completely obscures any older magnetization that might 
be present. The red bed remagnetization is the result of chemical 
authigenesis (Kent and Miller, 1987), but the origin of the
27
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carbonate remagnetization is not determined: it may be a chemical 
remanent magnetization due to the postdepositional development of 
magnetite (McCabe et al., 1983, 1984), or it may be a thermoviscous 
remagnetization of preexisting magnetite (Kent, 1985).
This paper will focus on the carbonate remagnetizations that 
reside in magnetite and their origin. Distinguishing between 
chemical, thermochemical, and thermovicous remagnetization processes 
has proven to be difficult, and the mechanism of remagnetization 
remains controversial. Evidence for chemical remagnetization 
processes includes the common observation of extracted magnetite 
grains with diagenetic textures and compositions, and the proven 
secondary nature of the magnetizations (McCabe et al., 1983, 1984). 
In addition, the remagnetization has been observed on the craton 
where thermal maturity indicators suggest that significant heating 
has never occurred and where the remagnetization is probably a 
result of chemical authigenesis (see Van der Voo (1989) for review). 
However, Kent (1985) showed that thermal activation of preexisting 
magnetite cannot be ruled out in settings where moderately high 
temperatures have been reached, as is the case in eastern upstate 
New York.
Early on in the research on this subject, McCabe et al. (1983, 
1984) suggested that orogenic fluids were responsible for the 
carbonate remagnetizations. Fluids driven from orogenic zones 
through permeable sedimentary strata may have been chemically active 
and facilitated the precipitation of secondary magnetite in the 
conduit rocks. Moreover, the fluids may have been hot and therefore
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been agents of thermally activated remagnetization (Dorobek, 1984, 
1989; Leach and Rowan, 1986; Jackson et al., 1988; Miller and Kent, 
1988). The subject of orogenic fluids has become one of 
considerable general interest over the past few years, and 
remagnetization has frequently been cited among other evidence for 
lateral migration of fluids during orogenic events (e.g., Oliver, 
1986). Although the orogenic fluids idea is an attractive one in 
that it explains the origin of a number of different geologic 
features as the result of a single cause, the evidence is still 
largely circumstantial. Most of what we know about orogenic fluids 
comes from computer simulations (Sharp, 1978; Bethke, 1985, 1986; 
Bethke et al., 1988) and studies of the presumed consequences of the 
fluids. These consequences include the distribution of Mississippi 
Valley type ore deposits and hydrocarbon accumulations (Oliver, 
1986), authigenic feldspar development (Hearn and Sutter, 1985), 
illitization of mixed-layer illite/smectite clays (Elliott and 
Aronson, 1987), as well as remagnetization. Additional research on 
the causes of remagnetization is of obvious interest to 
paleomagnetists seeking primary Paleozoic magnetizations. Moreover, 
such studies are likely to make a substantial contribution to the 
debate on orogenic fluids.
Until recently, systematic studies of the regional pattern of 
Appalachian remagnetization have not been attempted. However, 
preliminary results of along-strike trends in the Appalachian 
remagnetization age (Miller and Kent, 1988) suggest that 
remagnetization occurred somewhat earlier in the southern
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Appalachians than the northern Appalachians, in accord with the 
observed south to north progression of Alleghenian deformation. In 
another study, variations in magnetite concentration in Devonian 
limestones in an east-west transect across New York State (Jackson 
et al., 1988) were found to correlate strongly with differences in 
the degree of diagenetic illitization within a Devonian bentonite 
horizon. It was inferred that illitization and magnetite 
authigenesis were controlled by the same diagenetic factors and that 
both occurred during the Late Paleozoic, in accord with a chemical 
remagnetization model. The results of these investigations indicate 
that additional regional studies will further increase our 
understanding of these remagnetizations, their geologic context, and 
their causes. This report contains the results of continuuing 
investigations of the remagnetized Paleozoic carbonates of New York 
State. In addition, results are presented of a similar 
across-strike study of carbonates of the southern Appalachian Basin 
in Tennessee and Alabama.
GEOLOGICAL SETTING AND SAMPLING
In the northern field area, samples were collected from sites in 
the Devonian Helderberg and Onondaga carbonates at regular intervals 
along their outcrop belt from Albany, New York to southern Ontario, 
just west of Buffalo, New York (Figure 2.1).
Since the causes of remagnetization during Alleghenian time are 
being studied, the burial setting of the New York carbonates during
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the Late Paleozoic is of interest. Physical stratigraphy and 
tectonic models indicate that during this time, the Devonian 
carbonates were in burial environments that graded from a flexural 
arch (Algonquin Arch) in southern Ontario, to a foreland basin in 
central New York State (Quinlan and Beaumont, 1984). Thermal 
maturity indicators are in accord with tectonic models for the area. 
The conodont alteration index (CAI) (Epstein et al., 1977) and 
degree of clay mineral diagenesis in the Tioga Bentonite (Johnson, 
1986) indicate an increasing thermal maturity from west to east 
along the profile in New York State between Buffalo and Syracuse. 
Between Syracuse and Albany, the two thermal maturity indicators 
yield somewhat different results; conodont indices continue to 
increase eastward, while clay mineral diagenesis decreases slightly. 
The high degree of thermal maturity in central New York is generally 
considered to have been acquired during Alleghenian time by burial 
in a foreland basin setting (Friedman and Sanders, 1982; Johnsson, 
1986; Jackson et al., 1988). Burial temperature estimates are 
sensitive to the duration of burial and are also somewhat 
method-dependent. Typical estimates range from near 100°C in 
western New York to about 200°C near Albany. Apatite fission track 
ages indicate that the area experienced uplift and cooling during 
the Mesozoic Era (Johnsson, 1986).
In the southern Appalachian Basin, Paleozoic carbonates were 
sampled at regular intervals between Nashville and Chattanooga, 
Tennessee. Carbonates were sampled at five sites in the Middle 
Ordovician Stones River Group and the Late Ordovician Nashville
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Group on the Appalachian flexural arch, locally called the Nashville 
Dome. Three sites were sampled in the Middle Mississippian Ste. 
Genevieve, Warsaw, and St. Louis limestones in the relatively 
undeformed foreland basin between the Nashville Dome and the 
Chattanooga Thrust. Two sites were sampled in the overthrusted 
fold-thrust belt near Chattanooga, one in the Late Mississippian 
Pennington Formation, the other in the Lower Ordovician Knox 
Dolomite. Figure 2.2 shows the location of the sites.
One additional locality in the Mississippian trend adjacent to 
the Nashville Dome was sampled in greater detail. Middle 
Mississippian oolitic limestones of the Pride Mountain Formation 
were sampled at a quarry in Margerum, Alabama (Figure 2.2). These 
carbonates are somewhat unusual: they contain abundant solid bitumen 
which occupies ooid microporosity. The original purpose in sampling 
these rocks was to investigate the relationship between hydrocarbons 
and remagnetization, which has been reported to exist in some other 
settings (McCabe et al., 1987; Elmore et al., 1987).
The Tennessee-Alabama carbonates differ from those sampled in New 
York in that their thermal maturity is very low. The CAI of 1.5 or 
less (Epstein et al., 1977) suggests that none of the Tennessee- 
Alabama sites have suffered significant burial, and that burial 
temperatures have remained less than about 100°C since the time of 
deposition.
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METHODS
Paleomagnetic Methods
Oriented samples were subjected to stepwise alternating field 
(AF) and thermal demagnetization in the paleomagnetic laboratory at 
Louisiana State University. Bituminous Mississipian samples from 
Margerum, Alabama, were demagnetized using the AF method only. 
Thermal demagnetizations were carried out using a three-zone furnace 
constructed from Lindberg components and housed in three nested 
mu-metal shields. The residual field is less than 50 nT in the 
furnace and less than 3 nT in the cooling chamber. AF 
demagnetization was done using a shielded coil tuned to 633 Hz and 
driven by a Behlman oscillator and AC power supply. Remanent 
magnetization was measured in a cryocooled, three-axis 
superconducting magnetometer manufactured by CTF Systems. 
Demagnetization data were plotted on orthogonal demagnetization 
diagrams (Zijderveld, 1967), and the directions of the component 
magnetizations were determined with principal component analysis 
(Kirschvink, 1980).
Rock Magnetic Methods
The overall mineralogy of the remanence-carrying fraction was 
characterized in terms of the acquisition and decay of isothermal 
remanent magnetization (IRM) (Lowrie and Heller, 1982). Relative 
magnetite concentration for the Tennessee-Alabama samples was 
estimated by comparison of the IRM at 0.3 T. IRMs were imparted
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with an impulse magnetizer in fields up to 1.1 T. Remanence 
measurements were made on the CTF instrument at Louisiana State 
University.
RESULTS
New York Transect
Paleomagnetism. The paleomagnetism of the Devonian Helderberg 
Group limestones of New York State has been characterized by Scotese 
et al. (1982), who found that the unit was completely remagnetized 
during the Kiaman interval. Kent (1979, 1985) has obtained similar 
results for the Devonian Onondaga, Tully, and Helderberg carbonates. 
The Ordovician Trenton Limestone of upstate New York also carries a 
similar, complete remagnetization (McCabe et al., 1984). The 
mineral carrying the remagnetization in all of these carbonates has 
been shown to be magnetite. In the current study, selected Onondaga 
and Helderberg samples were subjected to stepwise thermal 
demagnetization. A well-defined Kiaman reversed magnetization was 
found all across upstate New York and in southern Ontario, in 
agreement with the previously reported results.
Rock Magnetism. Both k (low-field susceptibility) and k^ 
(anhysteretic susceptibility) of Onondaga samples exhibit a distinct 
pattern of variation across the Buffalo-Albany transect (Figure 
2.3), with uniformly low values in the eastern part, increasing 
rapidly to a peak value near Syracuse, and then declining somewhat
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Figure 2.2. Map showing the location of sampling sites for the 
Nashville-Chattanooga transect and for the Margerum, Alabama 
locality. Symbols are as follows: solid squares, Ordovician 
carbonates on the Nashville Dome; solid circles, Mississippian 
carbonates from the the Appalachian Basin; solid triangles. 
Paleozoic carbonates of the fold-thrust belt. Stippled areas 
indicate the Nashville Dome and Valley and Ridge.
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eastward. The strong correlation between k and indicates fairly 
uniform magnetite grain sizes, and it has therefore been argued 
previously that the variation in each of these parameters primarily 
reflects differences in the concentration of magnetite (Jackson et 
al., 1988). The ratio k/k^ is similar to those for synthetic 
samples with magnetite in the approximate size range 0.1-1 micron 
(Banerjee et al., 1981).
Tennessee-Alabama Samples
Paleomagnetism. The paleomagnetic results from the Tennessee- 
Alabama sampling fall naturally into two groups which will be 
discussed separately: (1) results from Ordovician carbonates of the 
Nashville Dome, and from both Early and Late Paleozoic carbonates of 
the Tennessee fold/thrust belt, and (2) results from Mississippian 
carbonates from the relatively undeformed region between the 
flexural arch and the fold-thrust belt.
Ordovician carbonates from five sites on the Nashville Dome and 
Mississippian carbonates from a site near the outcrop of the 
Chattanooga Thrust were found to carry a well-defined characteristic 
magnetization with typically Kiaman reversed directions. Some 
samples of the Ordovician Knox Dolomite collected at one site just 
southeast of Chattanooga also appeared to carry a Kiaman 
remagnetization, in agreement with the results of Bachtadse et al. 
(1987) for the Knox of east Tennessee. However, this site was 
excluded from paleomagnetic analysis because some of the samples 
yielded anomalous (southeast and steeply up) directions that gave
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rise to suspicions that an out of place block was sampled. The 
results of AF and thermal demagnetization were similar, although 
thermal treatment yielded somewhat better results (Figures 2.4c and 
2.4d). In most samples treated, a magnetization aligned with the 
present field of probable viscous origin was removed below about 
300°C or 30 ml. The characteristic magnetization was revealed by 
treatments between about 300°C and 500°C (Figure 2.4c) or 30 mT and 
100 mT (Figure 2.4d). The characteristic magnetization showed good 
clustering at both the within and between site levels (Table 2.1 and 
Figures 2.4a and 2.4b). The mean paleomagnetic pole is located at 
47.9°N, 127.9°E (K=165, Ag^=5.2°), in good agreement with Permian 
poles from cratonic North America (Van der Voo, 1989). These 
results are similar to those reported for the Cambrian Nolichucky 
carbonates of east Tennessee (Gillett, 1982) as well as those from 
the Knox study of Bachtadse et al. (1987).
Mississippian carbonates collected at three sites from the 
Appalachian Basin between the Nashville Dome and the Chattanooga 
Thrust (Figure 2.2) have entirely different paleomagnetic 
characteristics. Stepwise thermal and AF demagnetization revealed 
no evidence for remagnetization during the Kiaman Interval. Typical 
demagnetization diagrams are shown in Figures 2.5b and 2.5c, which 
show a present field magnetization as the only well-resolved 
component present. Specimen directions for this component as 
determined with principal component analysis are shown in Figure 
2.5a. Some of the Mississippian samples behave during thermal 
demagnetization like the example given in Figure 2.5b. Although a
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Figure 2.4, a) Specimen characteristic directions for Tennessee 
samples from the Nashville Dome and fold-thrust belt that were 
remagnetized during Kiaman time, b) Site mean directions, c) 
Typical thermal and d) AF demagnetization data for remagnetized 
Tennessee specimens.
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TABLE 2.1. Summary of Site Paleomagnetic Data for Tennessee Samples That Carry a Kiaman
Interval Remagnetization
Site Location N/N° Mean Kiaman k a95 Pole
Direction (D/I) deg
Latitude Longitude deg Latitude Longitude
°N °W °N °E
NTL 36.1 86.7 17/26 163.7/ 7.0 16.5 9.0 47.6 117.8
LTL 36.0 86.6 11/12 157.9/-0.2 43.2 7.0 48.6 128.1
MIL 35.8 86.4 4/5 165.5/-1.1 61.2 11 .8 52.3 117.7
CTL 35.7 86.3 7/12 152.1/ 0.7 40.0 9.7 45.6 135.5
FTL 35.5 86.1 15/16 150.5/ 0.7 59.0 5.0 44.8 137.9
RTL* 35.0 85.4 9/14 157.7/ 5.0 14.9 13.8 47.1 128.4
Means 157.9/ 2.0 
k = 142.1
47.9 
K =
*95
127.9 
165.3 
= 5.2°
^Results are from overthrusted Mississippian strata near Chattanooga- Other sites are 
from the Ordovician carbonates of the Nashville Dome.
42
N
• #
W, Up
0.05
S
b200
0.05
PTL 7
‘ONRM
0.10
E, Down
N
W , Up
0.05 0.10
0.05 • •
Ô 25
Ol8
0.10 JTL 13
NRM
0.15
0  3mT
E, Down
Figure 2.5. a) Specimen directions for Tennessee Mississippian 
samples that do not show any evidence for Kiaman Interval 
remagnetization, b) Thermal and c) AF demagnetization data for 
Tennessee Mississippian samples.
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north and down magnetization is the only well-isolated component in 
this specimen, demagnetization does not proceed toward the origin 
but moves toward either a southerly and down direction or a 
northerly and up direction (as in Figure 2.5b). This suggests that 
a dual-polarity, pre-Kiaman magnetization acquired in the southern 
hemisphere may be present, but unfortunately it is never resolved 
well in the vector diagrams. Great circle analysis cannot be used 
to determine this magnetization since the rocks were taken from 
flat-lying strata. If this poorly defined magnetization is of 
pre-Kiaman age as suspected, then these results suggest that Kiaman 
remagnetization, so common in carbonates in eastern North America 
(and elsewhere), is absent in this setting. While it is possible 
that a partial Kiaman remagnetization has been obscured by the 
Cenozoic overprint, the significant point still remains that the 
effects of the Late Paleozoic remagnetization event were much less 
extensive in this area than on the Nashville Dome to the west or in 
the overthrust belt to the east.
One additional locality along the same Mississippian trend as the 
one sampled in Tennessee was studied in greater detail. Some of 
these samples, collected at a quarry in Margerum, Alabama, did 
reveal a probable depositional magnetization upon demagnetization, 
and no evidence for Kiaman overprinting was found. Early stages of 
the laboratory work on the Margerum collection revealed that many of 
the samples with very weak magnetizations did not yield any useful 
information upon demagnetization. Accordingly, laboratory treatment 
of a specimen was initiated only if the magnetization NRM exceeded
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0.025 mA/m. Even then, a large number of specimens did not 
demagnetize stably. Of the original collection of 161 samples (one 
specimen per sample), data from 87 were rejected due to either weak 
magnetizations or unstable behavior. Because of the presence of 
bitumen in the samples, thermal demagnetization was judged 
impractical, and only AF demagnetization was used to clean the 
samples.
The remaining 74 specimens demagnetized with reasonable 
stability, as can be seen in the demagnetization diagrams shown in 
Figure 2.6. Most of the samples have a present field magnetization 
as the only well-resolved component present, as in the example shown 
in Figure 2.6c. However, some samples have a well-defined 
magnetization with southeast and moderate down (Figure 2.6a), or 
northwest and moderate up directions (Figure 2.6d). Figure 2.7b 
shows the directions of all the magnetization components judged to 
be ancient ones, and Figure 2.7a shows all other components obtained 
from linear demagnetization trends. The ancient magnetization has a 
mean (normal) direction of 0=325.9, 1=30.8 (N=17, k=6.4, ag^=15.4°). 
The paleomagnetic pole is at 29.2°N, 130.0°E, in agreement with 
results of proven Mississippian age from elsewhere in North America 
(Irving and Strong, 1984; Kent and Opdyke, 1985). Because of the 
small number of ancient directions obtained, the lack of a field 
test to bracket its age, and the high rejection rate, this is 
obviously not a determination of high quality. The significance of 
this result lies in the fact that a believably Mississippian 
magnetization is preserved in these carbonates and that no evidence
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Figure 2.6. Typical AF demagnetization data for Mississippian 
carbonate samples from Margerum, Alabama, a) A specimen with a 
pre-Kiaman reversed magnetization, b) A specimen with a pre-Kiaman 
normal polarity magnetization, c) A specimen containing only a 
present field magnetization, d) A specimen with both a present 
field and an ancient reversed magnetization.
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Figure 2.7. Specimen directions from linear demagnetization 
trajectories for Mississippian seunples from Margerum, Aleibama. a) 
Directions not used for determination of the mean characteristic 
direction. The ck95 of the meaui of all directions is shown, b) 
Specimen characteristic directions interpreted to be a depositional 
magnetization. Mean direction is shown as a triangle, surrounded by 
its 095.
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for Kiaman overprinting was found. This result tends to confirm the 
inference, described earlier, that Kiaman overprinting did not 
affect the Mississippian carbonates of Tennessee west of Chattanooga 
and east of the Nashville Dome. The lack of Kiaman remagnetization
in this setting may be an important observation with respect to the
ultimate origin of the remagnetization that affected rocks to the
east and to the west.
Finally, it is noted that the presence of a resolvable early 
magnetization in these bituminous rocks is somewhat surprising in 
the light of recent studies which suggest that the presence of 
hydrocarbons is related to the development of diagenetic magnetite 
in some settings (McCabe et al., 1987; Elmore et al., 1987).
Rock Magnetism. The coercivities and blocking temperatures 
observed during demagnetization of the Tennessee and Alabama samples 
suggest that magnetite may be the dominant carrier mineral in all of 
the rock units studied. Additional rock magnetic tests were 
conducted to test this inference. During stepwise IRM acquisition 
almost all of the samples reached saturation, or near saturation by 
0.2-0.3 T, indicating that high-coercivity phases are not present to 
any great extent in most samples and that magnetite is likely to be 
the dominant magnetizable phase (Figure 2.8). To investigate the 
intrinsic blocking temperatures of the carriers, representative 
samples from Tennessee were given an IRM at 1.1 T along th -V sample 
axis, and an I RM at 0.2 T along the +V axis. The samples were then 
thermally demagnetized (Channel 1 et al., 1982). Stepwise thermal
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Figure 2 . 9 .  Thermal demagnetization of composite I RM using the 
method of Channell et al. (1982) for Tennessee samples that were 
remagnetized during the Late Paleozoic (solid circles) and 
Mississippian samples that show no clear evidence for Paleozoic 
remagnetization (open circles). Low-coercivity carriers have a 
positive magnetization, and high-coercivity grains have a negative 
one. The results indicate that all samples contain magnetite. One 
anomalous sample (PTL 6) also contains some hematite. Only a few 
hematite-bearing samples were found.
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demagnetization of this composite IRM shows that magnetization is 
removed continuously from low-coercivity grains up to 500-575°C 
(Figure 2.9) in both remagnetized and nonremagnetized samples from 
Tennessee, thus confirming that magnetite is present in significant 
quantities. A small number of samples (e.g., PTL 6, Figure 2.9) 
also contain some hematite. Since thermal demagnetization of the 
bituminous samples from Margerum, Alabama is not practical, magnetic 
isolates were prepared for direct observation of the carrier grains. 
This work was difficult, since the concentrations of magnetic phases 
were very low in most of the samples. However, the magnetic 
isolates from some of the samples were observed to be dominated by 
detrital magnetite grains. Figure 2.10 shows scanning electron 
micrographs of magnetite grains (in polished grain mount) extracted 
from Margerum samples. Qualitative energy dispersive X-ray analysis 
indicated that only iron and titanium were present as major 
elements, and the micrographs clearly show high-temperature 
oxidation-exsolution textures, indicating that the grains are 
detrital magnetites with exsolved ilmenite. The presence of 
detrital magnetite in the Margerum samples is consistent with the 
apparently depositional magnetization found in some of the samples 
from that locality.
In order to estimate magnetite concentration for comparison along 
the transect, samples were subjected to stepwise IRM acquisition up 
to 1.1 T (Figure 2.8). Estimated relative magnetite concentration 
was compared using the IRM at 0.3 T (Figure 2.11), using only data 
from samples in which saturation at 0.3 T was demonstrated. The
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results indicate that the Mississippian samples from Alabama and 
Tennessee between the flexural arch and the fold-thrust belt, which 
do not show evidence for Kiaman Interval remagnetization, are 
uniformly magnetite-poor with saturation IRMs ranging from several 
milliamperes per meter to about 50 mA/m with a mode in the 0-10 mA/m 
range (Figure 2.11a). On the other hand, remagnetized samples from 
the Nashville Dome and from the fold-thrust belt have IRMs that 
range from about 10 mA/m to about 160 mA/m (Figure 2.11b). All of 
these observations are above the mode IRM from the nonremagnetized 
samples. Clearly, the Kiaman-remagnetized samples have, on average, 
more magnetite than samples that lack evidence for remagnetization. 
This observation suggests that the formation of new magnetite is 
related to the remagnetization phenomenon in this setting.
DISCUSSION
West of the Hudson Valley in New York State, the magnetite 
concentration in the Onondaga and HeIderberg carbonates as estimated 
by k and k^ (Jackson et al., 1988) correlates directly with the 
percentage of illite in mixed-layer i11ite/sraectite in the Tioga 
Bentonite (Johnsson, 1986). Because percent illite is considered to 
be influenced by diagenetic temperatures (Hower, 1981; Johnsson, 
1986), it was previously argued that magnetite authigenesis in the 
Onondaga was temperature-dependent (Jackson et al., 1988). However, 
in order to explain both the pattern of percent illite, with a 
maximum near Syracuse, and that of CAI (Epstein et al., 1977), which
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increase monotonically eastward, Jackson et al. (1988) inferred that 
paleotemperatures were not the sole control on either percent illite 
or magnetite concentration. Jackson et al. (1988) proposed a 
diagenetic model in which chemical factors related to the 
introduction of orogenic fluids during Alleghenian time played an 
important role in triggering both illitization and magnetite 
authigenesis.
We suggest a possible geochemical mechanism for magnetite 
authigenesis in New York State wherein the introduction of exotic, 
potassium-rich brines triggers both magnetite authigenesis and 
illitization of detrital clays within the limestones. The pertinent 
observations are as follows: (1) magnetite concentration is closely 
related to the extent to which illitization has occurred, and (2) 
there is evidence for orogenic fluids that were potassium-rich, as 
indicated by reports of Alleghenian ages for authigenic K-feldspars 
and K-bentonites in the Appalachian Basin (Hearn and Sutter, 1985; 
Elliott and Aronson, 1987). Since illitization of detrital smectite 
requires potassium, and the process may release iron (Boles and 
Franks, 1979), it is possible that illitization, K-feldspar 
development, and magnetite authigenesis are genetically related 
processes that were triggered by the introduction of potassium-rich 
fluids (J.S. Hanor, personal communication, 1988). Although this 
geochemical model is speculative, it can be tested with further 
field and experimental studies. Several workers have previously 
inferred that illitization (Johnsson, 1986), time of maximum burial 
(Friedman and Sanders, 1982; Johnsson, 1986), and magnetite
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authigenesis (Jackson et al., 1988) in New York State were 
Alleghenian events. Significantly, an unpublished K-Ar age from the 
bentonite horizon within the Onondaga studied by Johnsson (1986) 
also indicates that illitization there occurred during Alleghenian 
time (R. Reynolds, personal communication, 1989). Since 
remagnetization of the Onondaga is also an Alleghenian event (Kent,
1985) and there is apparently a temporal link between illitization 
and magnetite authigenesis, it appears that magnetite authigenesis 
and remagnetization are about the same age and that chemical 
processes must have played a critical role in the remagnetization. 
However, because of the high thermal maturity in evidence over much 
of eastern upstate New York, thermally activated remagnetization 
cannot be dismissed lightly (Kent, 1985).
A problem with the thermoviscous remagnet izat ion model is that a 
remagnetization due to burial and uplift would not be expected to 
result in a remagnet ization of Late Paleozoic age in New York State, 
since apatite fission track ages indicate that uplift and cooling of 
the area occurred during Mesozoic time (Johnsson, 1986). Although 
possibly Cretaceous remagnetizations have been isolated from 
Paleozoic carbonates in Vermont (Tucker and Kent, 1988), no 
remagnetizations associated with Mesozoic unroofing have been 
reported for any Paleozoic carbonates in New York State. Even so, 
thermally activated Late Paleozoic remagnet izat ion might have 
occurred in this setting if the heat was supplied advectively by the 
episodic migration of very hot fluids during the Alleghenian 
orogeny.
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Evidence for episodic migration of high-temperature, high- 
pressure orogenic fluids has been reported for the HeIderberg 
carbonates of the central Appalachians (Dorobek, 1984, 1989). Using 
a simple conductive cooling model, Dorobek (1989) shows that if hot 
fluid migration events were episodic, the thermal anomalies due to 
them could decay rapidly enough to have had a minimal effect on 
commonly used thermal maturity indicators, which record integrated 
t ime-temperature rather than simply paleotemperature. If this 
situation applies to the carbonates of New York State, then 
thermoviscous processes could reasonably be inferred to have played 
a role in the observed Late Paleozoic remagnet izat ion despite the 
fact that unroofing occurred much later. If the same fluids were 
involved in both magnetite authigenesis and heat transport, then the 
remagnetization could have been due to both chemical and thermal 
magnetization processes. Additional studies of secondary fluid 
inclusions in a number of Appalachian carbonate environments are 
needed to help resolve this issue. Dorobek's (1984, 1989) results 
appear to be of immense importance in explaining the causes of the 
carbonate remagnetizations, but confirmation of them needs to be 
sought; fluid inclusion studies are difficult and a number of 
factors can result in homogenization temperatures that are much 
higher than the actual filling temperature.
The pattern of Late Paleozoic paleotemperatures and magnetite 
authigenesis in the southern Appalachian Basin of Tennessee-Alabama 
is in marked contrast with the situation in New York State. The 
observed CAI of about 1.5 for both the Nashville Dome carbonates and
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the Mississippian carbonates of the foreland basin to the east 
(Epstein et al., 1977) suggests maximum burial temperatures of 100°C 
or less, much too low for thermally activated remagnet izat ion due to 
burial and uplift. This demonstrates that the lack of 
remagnetization in the Mississippian strata is therefore not 
attributable to a difference in burial temperatures. Moreover, the 
higher average magnetite concentration in the remagnetized 
Ordovician carbonates of the Nashville Dome compared with the 
nonremagnetized Mississippian carbonates of the basin indicates that 
magnetite authigenesis probably played a dominant role in the 
remagnet izat ion.
The observed patterns of magnetite concentration and 
remagnetization in the southern Appalachian Basin are consistent 
with a diagenetic remagnet ization model in which fluids that 
migrated laterally from the orogenic zone toward the craton were the 
agents responsible for remagnetization. In this model, the fluid 
pathways west of the fold-thrust belt were confined mostly to the 
Lower Paleozoic portion of the section and therefore remagnet izat ion 
was confined to the Early Paleozoic rocks. Independent evidence for 
an Alleghenian episode of migration of K-rich brines exists in the 
form of Late Paleozoic K-Ar ages from Ordovician K-bentonites within 
the same units sampled for this study (Elliott and Aronson, 1987). 
The introduction of exotic potassium may have been responsible for 
both magnetite authigenesis and illitization of the bentonites, in 
accord with the geochemical model proposed above. The Mississippian 
carbonates may have escaped remagnetization because they were
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hydro logically isolated from the main fluid conduits beneath them.
A likely barrier to the vertical migration of magnetite-forming 
fluids is the Chattanooga Shale, an impermeable stratum of 
Devono-Mississippian age that is present throughout the study area. 
Though chemical processes are most likely responsible for 
remagnetization on the Nashville Dome, thermoviscous effects cannot 
be completely excluded. Again, if the fluids were hot and they 
moved in episodic pulses, thermal effects might have had a role in 
the remagnetization without having much effect on thermal maturity 
indicators (Dorobek, 1984, 1989). However, since the observed 
thermal maturity is so low on the Nashville Dome and likely sources 
of hot fluids are so distant, thermoviscous effects are considered 
to have been unimportant in this setting.
CONCLUSIONS
Regional patterns of remagnetization and magnetite concentration 
are quite different in two across-strike studies of Appalachian 
Basin carbonates. In New York State, remagnetization has affected 
Devonian carbonates all across the state, and magnetite 
concentration varies in a pattern reflecting differences in the Late 
Paleozoic diagenetic environment as inferred from studies of the 
degree of illitization in mixed-layer i11ite/smectite. However, in 
Tennessee and Alabama, higher magnetite concentrations are found in 
remagnetized carbonates of the fold-thrust belt and the Nashville 
Dome than are found in a remagnetization "shadow" in the intervening
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foreland basin. This contrast between the northern and southern 
Appalachian Basin environments is attributed to the much greater 
depth of burial that existed in New York State during the Late 
Paleozoic. The New York results reflect remagnetization in a deep 
basinal setting, whereas the Tennessee-Alabama results reflect 
near-surface conditions at the time of remagnet izat ion. 
Remagnetization in both settings can be explained in terms of 
lateral migration of potassium-bearing fluids from the orogenic zone 
toward the era ton. It is suggested that fluid conduits were 
laterally continuous strata that may have plunged to deep burial 
levels during Alleghenian time: these conduits were the sites of 
magnetite authigenesis and remagnetization. Carboniferous strata at 
shallow levels of the Tennessee-Alabama foredeep escaped significant 
remagnetization because they were not along fluid conduits. The 
Chattanooga Shale may have prevented the upward migration of the 
remagnetizing fluids into the Late Paleozoic carbonates. Most of 
the strata of the overthrusted Valley and Ridge were subject to 
remagnetization due to the enhanced permeability to remagnetizing 
fluids resulting from pervasive faulting.
The results of this study suggest that additional investigation 
of regional trends in rock magnetic and paleomagnetic parameters 
might eventually lead to a much better understanding of 
remagnetization phenomena, their geologic context, and their 
applications to other areas of earth science.
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CHAPTER 3
FURTHER STUDIES OF CARBONATE REMAGNETIZATION IN THE NORTHERN
APPALACHIAN BASIN
INTRODUCTION
Numerous Paleozoic rocks in North America carry a magnetic 
component corresponding to the Late Paleozoic Kiaman reverse 
magnetic polarity interval (Kiaman Reversed Superchron). Two types 
of sedimentary rocks exhibit this Late Paleozoic secondary 
magnetization: red beds and carbonates. In Appalachian Paleozoic 
red beds, the magnetization resides in hematite and three magnetic 
components are resolvable: a present field (PF) overprint, a 
pre-Kiaman (presumably primary) component, and a secondary Kiaman 
component. Fold tests have shown that the Kiaman magnetization in 
red beds is a synfolding remagnetization acquired during the Late 
Paleozoic Alleghenian orogeny (Kent and Opdyke, 1985; Miller and 
Kent, 1986). In Appalachian Paleozoic carbonates, the Kiaman 
remagnetization usually resides in magnetite and is generally the 
only magnetization remaining after removal of the overprint of the 
Earth's present field (e.g., McCabe et al., 1983, 1984). The 
carbonate remagnetization also appears to be a synfolding 
magnetization acquired during the Alleghenian orogeny (McCabe et 
al., 1983; Bachtadse et al., 1987).
65
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It is generally agreed that the red bed remagnetizations have a 
chemical origin (Kent and Miller, 1987), but the origin of the
remagnetization in the carbonates is still being investigated. Kent
(1985) suggests that the Late Paleozoic remagnetizations are due to 
thermoviscous effects. Other workers believe that a chemical 
remagnetization occurred when diagenetic magnetite formed during the 
Late Paleozoic (e.g., McCabe et al., 1983, 1989; Bachtadse et al., 
1987; Suk et al., 1990a,b). The coincidence of the Alleghenian 
orogeny and the timing of the Appalachian remagnetizations suggests 
that there is a relationship between these events. It has been 
suggested that the formation of diagenetic magnetite was associated 
with the migration of basinal fluids towards the craton during
Alleghenian mountain building events in the Late Paleozoic (McCabe
et al., 1984).
In addition to Appalachian rocks of the east coast, 
remagnetization in carbonates has also been reported in the 
midcontinent region (Lu et al., 1990). Since it has been suggested 
that magnetite in remagnetized rocks may be authigenic, it is of 
interest to note that formation of authigenic minerals has been 
linked to midcontinent epeirogeny and brine migration. Hay et al. 
(1988) found that Early Devonian ages for authigenic K-feldspar in 
Upper Mississippi Valley deposits correspond approximately to a 
major episode of midcontinent deformation. They suggest that 
K-feldspar formation is related to westward transport of Michigan 
Basin brine to rocks of the Upper Mississippi Valley. It would be 
of interest to determine whether magnetite concentration is linked
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with K-feldspar and other authigenic minerals in these remagnetized 
rocks. Magnetite concentration in remagnetized carbonates of the 
Onondaga Formation in New York has been linked with percent illite 
(in i11ite-smectite mixed layer clays) in a bentonite layer within 
the Onondaga Formation (Jackson et al., 1988) and K/Ar dating of 
other K-bentonites in the Appalachian Basin demonstrate Alleghenian 
ages (Elliott and Aronson, 1987). In addition, Suk et al. (1990b) 
found a close association between dolomite, K-feldspar, quartz, and 
authigenic magnetite in Ordovician carbonates from eastern 
Tennessee. These observations suggest a correlation between 
remagnetization and synthesis of diagenetic or authigenic minerals.
This paper will focus on the origin of the remagnetizations in
carbonates of the northern Appalachian Basin.
GEOLOGICAL SETTING AND SAMPLING
Oriented samples were collected from 15 sites along a transect 
extending from Albany, New York, to the Algonquin Arch in 
southeastern Ontario (Figure 3.1). Along this transect. Middle 
Devonian limestones of the Onondaga Formation in New York grade 
laterally into limestones and dolostones of the equivalent Detroit 
River Group in Canada.
Since the causes of remagnetization during the Late Paleozoic are
being studied, the temperature profile across the northern
Appalachian Basin during this time is of interest. Clay-mineral 
diagenesis and apatite-fission track data obtained from the Middle
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Devonian Tioga metabentonite (within the Onondaga Formation) 
indicate that maximum paleotemperatures rise from low values in 
western New York State to higher values in the east (Johnsson,
1986). Various geothermal indicators, including fluid inclusions, 
vitrinite reflectance and conodont color alteration indicates a 
temperature gradient ranging from about 100°C near Buffalo to about 
200°C near Albany (Friedman and Sanders, 1982; Friedman, 1987; 
Epstein et al., 1977). No thermal maturity data are available for 
the Canadian part of the profile, but a continued westward decrease 
in Late Paleozoic paleotemperatures would be expected towards the 
Algonquin Arch. High temperatures in the northern Appalachian Basin 
are attributed to burial heating during Alleghenian time, with 
maximum burial depth estimated to be from 6.5 to 7 km (Friedman and 
Sanders, 1982; Johnsson, 1986; Friedman, 1987). Great burial depth 
of northern Appalachian sediments during the Late Paleozoic implies 
great post-Paleozoic uplift and erosion to bring these formerly 
deeply buried strata to the present land surface. Apatite 
fission-track ages indicate that the northern Appalachian Basin was 
uplifted during the Mesozoic Era (Johnsson, 1986).
METHODS
Paleomagnetic Methods
Paleomagnetic samples were processed in the paleomagnetic 
laboratory at Louisiana State University. Most oriented samples 
were demagnetized using stepwise thermal demagnetization (TD). A
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few samples from each site were subjected to stepwise alternating 
field (AF) demagnetization. TDs were performed using a three-zone 
furnace constructed from Lindberg components and contained in three 
nested mu-metal shields. The residual field is less than 50 nl in 
the furnace and less than 5 nl in the cooling chamber. AF 
demagnetization was carried out using a shielded coil tuned to 653 
Hz and driven by a Behlman oscillator and AC power supply. Remanent 
magnetization was measured in a cryocooled, three-axis 
superconducting magnetometer manufactured by GIF Systems. 
Demagnetization data were plotted on orthogonal demagnetization 
diagrams (Zijderveld, 1967), and the directions of the component 
magnetizations were determined using principal component analysis 
(Kirschvink, 1980).
After the PF and Kiaman magnetization directions were determined 
for a specimen, computer analysis was used to generate a model 
unblocking temperature (T^^) spectrum for estimating the magnitudes 
and of the component magnetizations. This was accomplished by
projecting difference vectors onto the plane defined by the PF and 
ancient magnetization directions, and resolving each projection into 
a component in the PF direction and a component in the Kiaman field 
direction. The model data were then plotted on histograms (Figure 
3.2), and the magnitude and T^^ range of each component 
magnetization were estimated. This method assumes only that 1) each 
specimen's natural remanent magnetization (NRM) is composed of only 
two component magnetizations, the directions of which are known, and
2) any deviation of a difference vector from the plane defined by
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the two end-member magnetizations is the result of random noise and 
can be ignored. Generally, it is unknown whether these assumptions 
are valid, but in the case of these remagnetized carbonates, the 
two-component nature of the NRM has been confirmed in numerous 
investigations.
Rock Magnetic Methods
In order to identify the minerals carrying the magnetic 
remanence, and to estimate the relative concentration and size 
distribution of magnetite across the transect, a number of rock 
magnetic tests were performed. The mineralogy of the magnetic 
carriers was determined by acquisition and TD of isothermal remanent 
magnetization (IRM) (Dunlop, 1972; Lowrie and Heller, 1982).
Relative concentrations and grain sizes of magnetite were estimated 
using NRM, IRM (at 0.3 T), low-field susceptibility (X) and 
anhysteretic remanent magnetization (ARM) (King et al., 1982). IRMs 
were imparted with an impulse magnetizer, in fields up to 1.1 T. X 
was measured with a Sapphire Instruments susceptibility bridge, and 
remanence measurements were made on the CTF instrument at Louisiana 
State University. ARMs were imparted in the AF device described 
above, with a DC bias field of 0.1 mT.
Magnetic Extracts
Magnetic extracts were prepared to observe grain morphology and 
to qualitatively determine the elemental composition of the magnetic 
carriers. Observations were made using a scanning electron
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microscope (SEM) equipped with an energy-dispersive X-ray 
spectrometer (EDAX). Magnetic extracts for each site were obtained 
by dissolving the crushed rock sample in dilute buffered acetic acid 
(McCabe et al., 1983) and slowly passing the dissolved sample over a 
rare-earth permanent magnet several times.
X-Ray Diffraction
In order to determine the relative concentrations of various 
minerals across the transect, X-ray powder diffraction was performed 
on samples from each site using an automated Phillips diffractometer 
and Cu k-alpha radiation. Computer analysis of the X-ray 
diffraction data was used to estimate the concentrations of the 
mineral phases present. The method used by the computer for 
analysis of the diffraction data is briefly summarized as follows;
1) smooth the digital pattern and subtract the background, then 
determine the location and height of all diffraction peaks; 2) 
determine the presence of quartz or calcite and correct the location 
of the peaks using one of these minerals as an alignment standard;
3) identify the minerals present on the basis of a single diagnostic 
peak, and subtract interfering secondary peaks of other minerals 
from the diagnostic peak; 4) multiply all corrected diagnostic peak 
heights by their intensity factors (determined from standards) to 
convert them into mineral ratios; 5) adjust the total of all 
identified minerals to 100% (Cook et al., 1975). Computer analyses 
of the X-ray diffraction results were used to estimate the
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percentage of various minerals, including aluminosi1icates such as 
K-feldspar, illite and other clays for each site.
RESULTS
Kent (1979, 1985) and McCabe et al. (1989) demonstrated that the 
Devonian Onondaga Limestone was remagnetized during the Kiaman 
reverse magnetic polarity interval. The mineral carrying the 
remagnetization was shown to be magnetite. Most of the sites we 
sampled across upstate New York and into southeastern Ontario have a 
clearly resolvable Kiaman magnetization. However, sites 1 and 2 on 
the Algonquin Arch, the westernmost sites sampled (Figure 3.1), 
demonstrate no Kiaman remagnetization. Results from the 
remagnetized and unremagnetized sites will be presented separately.
Unremagnetized Sites
Paleomagnetism. Sites 1 and 2 on the Algonquin Arch have the 
weakest NRMs observed in this study (Figure 3.3), and no discernable 
Kiaman components. A number of samples from these sites show either 
north, up or south, down magnetic directions (Table 3.1 and Figure 
3.4), which appear to be dual-polarity Devonian magnetizations. The 
paleomagnetic poles for the characteristic directions of sites 1 and 
2 are 22.4°N, 98.0°E and 28.8°N, 93.9°E respectively, corresponding 
with North American poles of Devonian age (reviewed by Van der Voo,
1989). The north, up and south, down components generally have low 
unblocking temperatures, ranging from 245 to 295°C, such as PF
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TABLE 3.1. Summary of Site Paleomagnetic Data Showing PF, Kiaman, and Northerly Directions
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components have in other samples. However, in samples which exhibit 
north, up or south, down directions, there is no PF overprint. The 
Devonian directions are the only resolvable directions. Possibly, 
the Devonian component is carried by small, relatively stable 
magnetic grains. This type of magnetization might also be present 
in the remagnetized sites, but may be unresolvable because it is 
swamped by the magnetizations associated with Late Paleozoic 
magnetite authigenesis.
The absence of a PF magnetization in the majority of samples from 
sites 1 and 2 is interesting. No samples from site 1 and only five 
samples from site 2 have a clearly resolved PF component (Table
3.1). The absence of a PF component may be due to the absence of a 
significant population of large, unstable multidomain grains. In 
fact, about half of the samples from sites 1 and 2 have no 
resolvable components at all, probably because of their extremely 
weak magnetization.
Rock Magnetism. Sites 1 and 2 are the most weakly magnetic sites 
of our transect (Figure 3.3), indicating a very low total 
concentration of magnetic minerals. During stepwise acquisition of 
IRM, saturation generally occurred by 0.3 T, indicating that 
magnetite is probably the dominant magnetic phase. To determine the 
blocking temperatures of the magnetic carriers, two procedures were 
used. An IRM was imparted at 1.1 T along the -V sample axis, or a 
composite IRM was imparted at 1.1 T along the -V sample axis and at
0.2 T along the +V axis (Channell et al., 1982). The samples were
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then thermally demagnetized. During stepwise TD of both the single 
and composite IRMs, magnetization was removed continuously from 
low-coercivity grains up to 540-580°C in most samples. This is 
further evidence that magnetite is the dominant magnetic mineral.
Magnetic Extracts. There was not sufficient extract from site 1 
to observe with the SEM. The extract from site 2 contains many 
irregularly-shaped particles, some of which appear to have 
high-temperature oxidation exsolution lamellae. About 10% of these 
particles contain Fe as the only cation while the other 90% contain 
Fe plus minor amounts of other cations, such as Cr, Ni, Al, and Si. 
At least some of these magnetites are probably detrital (Freeman, 
1986). Also observed were a small number of spherical particles 
which contain only Fe cations, and a fair number of euhedral 
particles. Half of the euhedral particles contain only Fe cations, 
while the other half contain Fe as well as a small amount of another 
cation, such as Cr or Ti (Table 3.2).
Remagnetized Sites
Paleomagnetism and Rock Magnetism. Sites 3-14 all exhibit Kiaman 
(southeast, shallow) directions of magnetization. At least some 
samples from each of these sites retain resolvable Kiaman 
components, and for most of these sites the majority of samples 
exhibit a Kiaman direction (Table 3.1).
Intensity measurements, including IRM, ARM and NRM, demonstrate 
that site 3, near the base of the Algonquin Arch (Figure 3.1), has
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Table 3.2. Summary of Particles Found in Magnetic Extracts
Sice Particle Type Size Range 
(microns)
, Cations
1 insiif ficicnC 
extract
2 irregular 
eiihedra 1 
spheres
7-37
10-30
Fe,Cr,Ni ,Al,Sj 
Fe; Fe(Cr,Ti) 
Fe
3 irregular 
euhedraI 
spheres
13.5-23.5
33.5
Fe; Fe(Cr,Ni,Ti,Ca,Al,Si,Mg)* 
Fe
Fe; Fe,Zn; Fe,Cr; Fe,Mn
4 irregular
spheres
19-53.5
10-16
Fe; Fe(Cr,Ni,Mn,Si,Al);* Cr.Fe.Zn 
Fe; Fe,Mn; S,Fe; Cr,Mn
5 aggregates
irregular
spheres
30
40-70
2-46
Fe; Fe(Cr ,Si,Al,Ca) *
Fe; Fe(Ti,Cr,Ni,Mn,Al,Si)
Fe ; Fe,Ti; Fe,Zn; Fe.Ca; Fe,Ti,Si,Al; Fe,Ca,Zn; Fe,Ca,Al,Si
6 aggregates 
irregular 
uiilicdra 1
30-180
10-20
30
Fe; Fe,S(Cr,Si,Al,K,Mg)“
Fe
Fe
7 irregular 
euhedra 1 
spheres
6-120
37.5
2-16
Fe; Fe(Ti,Cr,Ni,Mn,Zn,Si,Al,Hg,K,Ca)
Fe
Fe
8 irregular 
euhedra 1 
spheres
20.5-33.5
10-33.5
<1-10
Fe; Fe,Cr; Fe(Ca,P,Si,A1} 
Fe ; Fe,Cr; Fe,Al,Si 
Fe; Fe,Cr; Fe,Al; Fe,Hn
9 irregular
euhedral
spheres
12-80
23
10
Fe; Fe(Ti,Cr); Fe,Si,Al; Fe,P,S,Si,Al,Ca
Fe
Fe
FOlO aggregates
irregular
spheres
60
24-66
Fe
Fe
Fe
10 aggregates
irregular
25
12-18
Fe
Fe; Fe,Cr; Fe,Si,Al
11 irregular 
hollow rings
30-100
4-24
Fe; Fe,Cr; Fc,Ni; Fe,Si,Al; Ti,Si,Al,Mg,Ca 
Fe
12 irregular
spheres
25-53
12
Fe; Fe(Ni,Cr,Al ,Si)* 
Fe ; Fe,Cr
13 aggregates
irregular
flat
spheres
13.5-80
11.5
" ” ” * 
Fe; Fe(Cr,Mn,Al,Si) 
Fe 
Fe
14 irregular
flat
spheres
23
5-22
Fe; Fe(Cr ,Mn,Al ,Si ) 
Fe; Fe.Cr 
Fe
T hti table contains only qualitative descriptions o f the extracts. Sizes and cation compositions apply to a limited number o f 
grains tested.
* Cations are present in various combinations in different grains.
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moderate magnetic intensity (Figure 3.3). Even so, it is 
substantially more magnetic than the areas around it (i.e., sites 1, 
2, 4, 5 and 6). Almost every sample from site 3 has a well-resolved 
PF and Kiaman component (Table 3.1). In fact, of the sites sampled 
in this study, sites 3, 9 and 13 (Figure 3.1), with moderate to high 
magnetic intensities (Figure 3.3), have the best resolved and most 
tightly clustered Kiaman directions as well as clearly resolved PF 
components (Table 3.1 and Figure 3.5). The Kiaman components at 
these sites generally go to the origin (Figure 3.5), and have fairly 
high average maximum T^^ ranging from 445°C at site 3 to 497°C at 
site 9 to 502°C at site 13. The high T^y at these sites correspond 
with large ARM/X ratios (Figure 3.6), indicating that higher T^^ are 
associated with smaller average grain size (Banerjee, 1981). Grain 
size will be discussed in more detail later.
The samples from between sites 3, 9 and 13 demonstrate more 
variable magnetic components. Sites 4, 5 and 6 (Figure 3.1) all 
have clear PF components, but the Kiaman directions are often poorly 
resolved. Site 4, with fairly low magnetic intensity (Figure 3.3) 
has well-resolved Kiaman components in about half the samples, while 
sites 5 and 6 have resolvable Kiaman directions in only a few 
samples (Table 3.1). Site 5 has low-moderate magnetic intensity, 
and site 6, whose average NRM intensity is low, has surprisingly 
high values for the IRM in many samples (Figure 3.3). Although all 
samples from site 6 have fairly low NRM intensities, those which 
have somewhat higher NRM intensities generally have high IRM 
intensities and vice versa. Using rock magnetic tests, it was found
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that most samples with high IRM intensities contain significant 
amounts of pyrrhotite in addition to magnetite; those samples with 
low IRM intensities generally contain little or no pyrrhotite. 
Pyrrhotite was identified by stepwise TD of IRM, which demonstrated 
a rapid thermal decay in the range 300-350°C (Figure 3.7) (Lowrie,
1990). In addition, minerals containing Fe and S (assumed to be 
pyrrhotite) were observed in magnetic extracts from site 6 (Figure 
3.8). It is concluded, therefore, that the high IRM values at site 
6 are related to the presence of pyrrhotite. Pyrrhotite, however, 
probably does not carry the Kiaman magnetization at site 6. It was
found that most samples from site 6 with resolvable Kiaman
components have low intensity values, indicating that the Kiaman 
remagnetization resides in magnetite rather than pyrrhotite.
The poor Kiaman directions and intensity characteristics at sites 
5 and 6 may be related to their composite mineralogy. As discussed 
above, site 6 has a large amount of pyrrhotite, and site 5 contains 
significant amounts of the weakly magnetic mineral hematite (Table
3.3). Possibly, these minerals formed during post-Kiaman time, and 
deluged or wiped out the Kiaman magnetizations in these areas.
Interestingly, sites 5 and 6 (as well as site 7) appear to have 
north, shallow directions in a number of samples (Table 3.1). These 
may be Kiaman "normal" directions. In general, the solitary PF
components in samples from sites 4, 5 and 6 and the north, shallow
components (when present) in samples from sites 5, 6 and 7 do not go 
to the origin; they either fall short of the origin or bypass the 
origin and approach a south, shallow direction (Figure 3.9). Some
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r
Figure 3.8. Scanning electron micrographs of magnetic extracts from 
different sites, a) Site 2. Large, irregular grain, euhedral grain 
(arrow) and sphere, b) Site 0. Euhedral grains and irregular 
grains. First number below scale bar indicates microns
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
87
/% ;
O h
PT PT
Figure 3.8 (continued), c) Site 7. Irregular grains and a few 
small spheres, d) Site 6. Large grains are pyrrhotite (PT); small 
grains in the background are magnetite.
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Figure 3.8 (continued), e) Site 5. Large and small spheres. Large 
sphere contains Fe, Ti, Si, and Al cations, f) Site 7. Sphere 
composed of fused plates.
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Figure 3.8 (continued), g) Site 14. Large hollow sphere and small 
sphere.
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of these samples may have unresolved south, shallow Kiaman
components as well as PF directions (and sometimes north, shallow
Kiaman components) of magnetization. Sites 4, 5 and 6 all
apparently have low maximum for the Kiaman directions (Figure
3.6). However, it may be that the Kiaman component becomes
unresolvable due to the noise at higher temperatures, leading to
underestimation of the T , at these sites.
ub
Sites 7, 8, 9, FOlO and 10 in the central part of the transect 
(Figure 3.1) all have well resolved PF and Kiaman components (Table
3.1), although there is variable magnetic intensity among these 
sites. Intensity of magnetization ranges from moderate at site 7 to 
fairly high at site FOIG to high at sites 8, 9 and 10 (Figure 3.3). 
Sites 7-10 extend west to east from Clifton Springs to Peterboro,
New York. Of all sites across the transect, site 8 has the greatest 
magnetic intensity (Figure 3.3) and site 9 has the best resolved 
Kiaman components (Table 3.1 and Figure 3.5). These results suggest 
that the central part of the transect may have undergone the most 
intensive remagnetization during the Kiaman interval, resulting in 
moderate to high intensities of magnetism (Figure 3.3) and very 
clearly resolved Kiaman directions over the entire area.
The area east of site 10, which includes sites 11, 12, 13 and 14 
(Figure 3.1) again demonstrates more variable results with respect 
to both intensity of magnetization and magnetic directions. Site 
11, which has low-moderate magnetic intensity (Figure 3.3) has 
well-resolved PF directions, but poorly resolved or unresolvable 
Kiaman components in most samples. A few samples from site 11
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TABLE 3.3. Summary of magnetic minerals across
the transect
Site Major Minerals Minor Minerals
1 magnetite hematite
2 magnetite hematite;
pyrrhotite
3 magnetite pyrrhotite
4 magnetite pyrrhotite
5 magnetite ; 
hematite
pyrrhotite; 
goethite
6 magnetite ; 
pyrrhotite
hematite
7 magnetite;
hematite
pyrrhotite
8 magnetite hematite;
pyrrhotite
9 magnetite pyrrhotite
FOlO magnetite pyrrhotite
10 magnetite - - -
11 magnetite - - -
12 magnetite ; 
hematite
pyrrhotite; 
goethite
13 magnetite pyrrhotite
14 magnetite pyrrhotite
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apparently have north, shallow magnetic components (Table 3.1), 
similar to those seen in sites 5, 6 and 7. Again, these north, 
shallow components might be Kiaman "normal" directions. As seen in 
other sites with poor Kiaman directions, the PF and north, shallow 
components do not go to the origin, but generally approach a south, 
shallow direction (Figure 3.9). These samples may have unresolvable 
south, shallow Kiaman directions.
On the eastern end of the transect, sites 12 and 13, with 
moderate and low-moderate magnetic intensities respectively, have 
clear PF and Kiaman components in almost all samples (Table 3.1).
In fact, as previously explained, site 13 has exceptionally clear 
and well-clustered Kiaman directions, although the magnetic 
intensity at this site is low-moderate (Figure 3.3).
Site 14, the easternmost site sampled (Figure 3.1), differs from 
the other sites along the transect. While sites 1-13 are all 
flat-lying carbonate rocks, site 14 is a slightly tilted clay shale 
containing about 46% quartz. Samples from site 14 have low magnetic 
intensities (except for X) (Figure 3.3), and most have fairly 
well-resolved PF and Kiaman directions (Table 3.1). However, many 
samples from this site seem to have meaningless magnetic directions 
(e.g., southwest, up; north, steeply up), indicating that some areas 
within site 14 are magnetically unstable. Site 14, like sites 5, 6, 
7 and 11, exhibits north, shallow components in a number of samples 
(Table 3.1). As described previously, these north, shallow 
directions do not go to the origin, but approach a southerly, 
shallow direction (Figure 3.9).
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The average sizes of the Kiaman components at different sites 
across the transect are very variable (Figures 3.5, 3.6 and 3.10).
An interesting observation with respect to this is that some samples 
from site 10 and most samples from sites FOlO, 11 and 12, (in the 
eastern half of the study area (Figure 3.1)) have extremely small 
Kiaman components compared to other sites with well-resolved Kiaman 
directions. This is especially clear in the graph of Kiaman 
Component/Tota1 Magnetic Components (Figure 3.10). This graph also 
demonstrates that sites 3, 9 and 13, in the western, central, and 
eastern part of the transect, respectively (Figure 3.1), have 
comparatively large Kiaman components.
Magnetic Carriers. In order to determine the identity of the 
magnetic carriers across the transect, various methods were used (as 
described previously). Using these methods, magnetite was found to 
be the dominant magnetic carrier at most sites, although some sites 
contain significant amounts of hematite or pyrrhotite (Figures 3.7 
and 3.11 and Table 3.3). In sites 3, 4, 8, 9, FOlO, 10, 11, 13 and 
14 (Figure 3.1), magnetite is the dominant magnetic mineral, 
although traces of hematite and/or pyrrhotite are frequently present 
(Table 3.3). Sites 5, 7 and 12 (Figure 3.1) contain substantial 
amounts of both magnetite and hematite (Figures 3.7 and 3.11 and 
Table 3.3). The mineralogy of site 6 (Figure 3.1) differs from the 
others along the transect. Although some samples from this site 
contain magnetite as the dominant magnetic carrier, the majority of
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Figure 3.11. I RM acquisition graphs, a) Typical curve from sites 
which have magnetite as the dominant magnetic mineral (i.e., sites 1, 
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I. b) Typical curve from sites which have both magnetite and 
hematite as magnetic carriers (i.e., sites 5, 7, and 12). Saturation 
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samples from site 6 contain both magnetite and pyrrhotite in 
significant quantities (Figures 3.7 and 3.8 and Table 3.3).
The presence and resolution of magnetic directions may be related 
to the combination of magnetic minerals at a particular site, but 
this is probably not the ultimate controlling factor. Areas with 
all of the mineralogies described above contain PF and Kiaman 
magnetic components, although these components may differ in size 
and T^^ (Figure 3.6). Since magnetite is the magnetic mineral found 
at all sites across the transect, it is probably the carrier of the 
resolvable PF and Kiaman magnetic components.
Interestingly, the unusual north, shallow magnetic directions 
seen in samples from sites 5, 6, 7, 11 and 14, are found in areas 
with various combinations of magnetic minerals. Sites 11 and 14 
contain magnetite as the dominant magnetic mineral, site 6 has 
magnetite plus pyrrhotite and sites 5 and.7 contain magnetite and 
hematite. It seems likely, therefore, that the north, shallow 
component is also carried by magnetite.
Concentration and Grain Size. In order to estimate the relative 
concentration and grain size distribution of magnetite across the 
transect, various intensity measurements were made. These include 
measurement of NRM, IRM, ARM, and X. For IRM intensity, the value 
at 0.3 T (the saturation value for magnetite) was used for 
comparison with the other parameters. In a general way, most 
magnetic intensity averages increase from low values in the western 
part of the transect to moderate and high values in the central part
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of the transect and then to low values again in the east (Figure
3.3).
The sizes of the Kiaman components across the transect correlate 
fairly well with the magnetite concentration as estimated using X 
(Figure 3.6). Both parameters have the highest values in the 
central part of the transect, and lower values to the west and east. 
This demonstrates that more intensely remagnetized areas generally 
have greater concentrations of magnetite and vice versa. Therefore, 
the Kiaman remagnetization in the northern Appalachian Basin, like 
that in the southern Appalachian Basin (McCabe et al., 1989), may be 
related to the synthesis of new magnetite.
NRM, IRM and ARM intensities correlate with each other quite well 
along the transect. X, however, exhibits some discrepancies when 
compared to the other intensity measurements (Figure 3.3). For 
example, sites 3, 9 and 13 have relatively high values for NRM, IRM, 
and ARM compared with their values for X (Figure 3.3). A graph of 
ARM/X (Figure 3.6) has peaks at sites 3, 9 and 13, which 
demonstrates these intensity differences. Conversely, site 14 has 
relatively low values for NRM, IRM and ARM and a relatively high 
value for X (Figure 3.3). These discrepancies among intensity 
values probably relate to grain size and rock mineralogy. Banerjee 
et al. (1981) found that the ratio of ARM/X is lowest in 
coarse-grained magnetite and increases gradually for smaller grain 
sizes. King et al. (1982) demonstrate that ARM is especially 
sensitive to fine-grained magnetite, while X is more sensitive to 
coarse-grained magnetite. These findings are further supported by
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laboratory results which show that large multidomain grains may have 
greater X than single-domain and pseudosingle domain magnetite by as 
much as a factor of 2 (Dunlop, 1986; Heider et al., 1987). Results 
from this transect, described above, show relatively high ratios of 
ARM/X for sites 3, 9 and 13. This probably reflects comparatively
large populations of fine-grained magnetite at these sites. This
fine-grained magnetite is most likely responsible for the very 
well-resolved Kiaman directions at sites 3, 9 and 13 (Figure 3.5).
In general, the size of the Kiaman components correlate well with
the ARM/X ratios at the sites sampled (Figure 3.6). Assuming that a 
higher ARM/X ratio indicates a greater percentage of small grains, 
this seems to provide evidence that, in general, the size of the 
Kiaman component at a site is related to the concentration of small 
grains at the site. This observation, combined with the correlation 
between magnetite concentration and Kiaman components described 
above, demonstrates that authigenic formation of new, small 
magnetite grains may be responsible for the Kiaman remagnetization 
in the northern Appalachian Basin. These findings support those 
reported by Jackson (1990), who suggests that although coarse­
grained magnetite is common in these rocks, most of the remanence is 
carried by fine-grained magnetite.
In contrast to sites 3, 9 and 13, site 14 has high values for X 
and a low ARM/X ratio (Figure 3.6). Site 14, therefore, may have a 
relatively large population of multidomain magnetite grains. This 
might explain the poorly resolved Kiaman components at this site.
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Another possible explanation for the high X at site 14 is the great 
concentration of clay at this site. Bulk susceptibility can be 
dominated by paramagnetic clay minerals when the concentration of 
ferromagnetic minerals is low (Lowrie and Heller, 1982).
Relevant to the above discussion is the fact that sites 5, 11 and 
14, all of which have we 11-resolved PF directions, but poorly 
resolved (or unresolved) Kiaman directions, all have very low values 
for ARM/X (Figure 3.6). It seems likely that these sites have large 
populations of multidomain grains. In fact, the size of the PF 
components correlate fairly well with X across the transect (Figure 
3.12). These results suggest that the average size of the PF 
component at a site is related to the concentration of large 
magnetite grains.
Unblocking Temperature. In general, the sizes of the Kiaman
components correlate with the maximum T^^ of the Kiaman components
across the transect. That is, in those sites with larger Kiaman
components, the Kiaman components unblock at higher average
temperatures and vice versa. In addition, higher T^^ correlate with
larger ARM/X ratios and lower T^^ correlate with smaller ARM/X
ratios (Figure 3.6). These results indicate that the sizes and T ,
ub
of the Kiaman components are associated with average grain size of 
magnetite.
Magnetic Extracts. The magnetic extracts from the sites sampled 
exhibit some variability. Extracts from all of the sites contain
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
CD■D
O
Q.
C
g
Q.
■D
CD
C/)
C/)
8
(Q'
3
3"
CD
20-1
co
1 5 -o
_ 2 - J
CD■D
O
Q.
C
a
O3
"O
O
CD
Q.
■D
CD
C/)
C/)
6 -•a
H
2 -Q.
3 5 9 FOlO
Sites
Figure 3.12. Comparison of average values for a) X and b) average sizes of PF components in 
remagnetized sites 3-14, shwoing the correlation between these parameters.
102
irregularly-shaped individual particles and/or aggregates of 
irregular particles. In addition, some sites contain euhedral 
magnetite grains and/or magnetic spheres (Table 3.2 and Figure 3.8). 
The irregular grains are by far the most abundant magnetic particles 
at all of the sites studied. Euhedral particles and spheres, when 
present, make up a very small percentage of the grains at any 
particular site. It must be pointed out that analyses of magnetic 
extracts cannot be considered quantitative because of the 
alterations which might occur during the extraction procedure. For 
example, the rock crushing prior to extraction might damage some of 
the magnetic particles. However, extensive SEM observations of the 
extracts from our transect did not reveal broken pieces of magnetite 
spheres or broken euhedral grains; this leads to the conclusion that 
these types of grains are indeed relatively uncommon in the rocks 
collected for this study.
The composition of the grains in the magnetic extracts is 
somewhat variable. EDAX analyses demonstrate that about two-thirds 
of the irregular particles contain Fe as the only cation while the 
other one-third contain Fe plus some combination of Cr, Ni, Ti, Mn 
and Zn and sometimes ions such as Ca, Al, Si and Mg. The presence 
of the Ca, Al, Si and Mg group of ions may be due to clays trapped 
in ferric oxide coatings on some magnetic particles (Suttill et al., 
1982). Some of the extracted grains contain no Fe. Their shape and 
composition correspond with that of spinel. The irregular particles 
measured range in size from 6-120 microns (Table 3.2).
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The euhedral particles tested with the EDAX contain Fe as the 
only cation. In this respect they differ from euhedral grains from 
unremagnetized site 2, some of which contain Ti and Cr ions in 
addition to Fe. Euhedral grains measured range in size from 10 to 
37.5 microns (Table 3.2).
The magnetic spheres also demonstrate some variability. Although 
about 70% of the spheres observed contain Fe as the only cation, the
remaining 30% contain Fe plus one or more of the following ions: Cr,
Mn, Ti, Zn, Al, Si, Ca. A few spheres appear to be pyrite or 
spinel. The magnetic spheres measured range in size from less than 
1 micron to 46 microns (Table 3.2). Many researchers believe that 
the magnetic spheres form diagenetically or authigenically, and 
suggest that these particles are responsible for the Kiaman 
remagnetization (reviewed by McCabe and Elmore, 1989). SEM 
observations of the Onondaga Limestone from New York demonstrate 
that at least some magnetic spheres are derived by alteration and 
replacement of pyrite framboids (Suk et al., 1990a).
Regardless of how the magnetic spheres form, recent studies
indicate that the spheres visible with the SEM are not likely to
carry the major part of the Kiaman remagnetization. As a result of 
detailed rock magnetic studies on three remagnetized carbonate 
units, including the Onondaga Limestone of New York, Jackson (1990) 
concluded that although coarse-grained magnetite is common in these 
rocks, the remanence is principally carried by fine-grained 
(single-domain) magnetite. Observations made in this study also 
indicate that the carriers of the Kiaman magnetization are probably
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small (single-domain?) grains. Evidence for this, discussed 
previously, is the fact that sites with very strong Kiaman 
directions have high ARM/X ratios, indicating an abundance of 
single-domain magnetite grains. Conversely, sites with very poor 
Kiaman components have low values for ARM/X, indicating a 
preponderance of large magnetite grains. Sites along the transect 
with more intermediate values for ARM/X may have a greater mixture 
of small and large grains.
The studies of Suk et al. (1990a,b) are relevant to the 
discussion of grain size. In studies of magnetite from Tennessee 
and from the Onondaga Limestone of New York, Suk et al. found that 
both non-spherical magnetite grains and magnetite spheres are 
polycrystalline, possibly containing single-domain or pseudosingle 
domain subunits. They believe that their results may explain the 
rock magnetic properties observed by Jackson (1990), which 
demonstrate that the Kiaman remagnetization is apparently carried by 
single-domain magnetite. However, even if the magnetite spheres are 
composed of small subunits, they are apparently not present in 
sufficient quantities to carry the Kiaman remagnetization in New 
York. Observation of the magnetic extracts from the present study 
reveals that magnetite spheres are apparently present in very low 
concentrations. In fact, the extracts from some sites with 
well-resolved Kiaman directions appear to contain few or no spheres 
(e.g., sites 3, 9 and 10). On the other hand, the extract from site 
5, which has extremely poorly resolved Kiaman directions, contains a 
relatively large number of magnetite spheres.
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Some of the numerous irregular particles visible with the SEM, if 
they are composed of single-domain and pseudosingle domain subunits, 
may be the carriers of the Kiaman magnetic components. Another 
possibility is that very small grains, incapable of resolution with 
the SEM, are responsible for the Kiaman remagnetization. The 
appearance of such fine-grained carriers can only be speculated upon 
at the present time. Results of rock magnetic analyses, however, 
led Jackson (1990) to suggest that the single-domain fraction 
consists of equant grains which may have a diagenetic origin.
An interesting observation concerning the magnetic extracts is 
that no euhedral particles were observed from site FOlO eastward 
(Table 3.2). This area extends from Chittinango to South Bethlehem, 
New York (Figure 3.1). If euhedral grains were present in these 
areas, they may have been subjected to diagenetic changes over time 
which degraded them.
X-Ray Diffraction. X-ray powder diffraction analyses demonstrate 
that the percent of total aluminosilicates across the transect is 
quite irregular (Figure 3.13). Some sites, such as 1, 2, 5, 8, 10 
and 12 have extremely low percentages of these minerals, while other 
sites, such as 3, 4, 7 and 9, have relatively high concentrations. 
Site 14, being a clay shale, has a very large proportion of 
aluminosilicates.
Of greater interest than percent total aluminosilicates is the 
relative proportion of illite and K-feldspar along the transect. As 
mentioned previously, there has been speculation concerning a
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possible relationship between formation of authigenic or diagenetic 
minerals such as magnetite, K-feldspar and illite in remagnetized 
carbonates. Some sites along the transect have significant 
concentrations of illite. This is not surprising, since illite is a 
widespread clay mineral, being especially abundant in the soils and 
sediments of eastern North America (Kennett, 1982). Although illite 
concentrations are generally significantly higher than K-feldspar 
concentrations, there is a fairly good correlation between percent 
K-feldspar and percent illite across the transect (Figure 3.14). In 
fact, percent K-feldspar and percent illite both exhibit quite a 
good correlation with the total concentration of "other" terrigenous 
aluminosilicates across the study area, supporting a possible 
detrital origin for most of these minerals.
If there is a connection between synthesis of K-feldspar and/or 
illite and formation of authigenic magnetite, then these minerals 
formed at the time of remagnetization, during the Kiaman interval.
In fact, there is evidence for Late Paleozoic authigenesis of 
K-feldspar and for K-bentonite illitization in parts of the 
Appalachian Basin (Elliott and Aronson, 1987; Hearn et al., 1987).
If synthesis of K-feldspar and/or illite are related to magnetite 
formation in the Ontario-New York study area, the percent K-feldspar 
and/or percent illite should correlate with the "Kiaman magnetite". 
To test this, the size of the Kiaman component was compared with the 
percent K-feldspar and percent illite across the transect (Figure 
3.14); also, the ratio of the Kiaman component/sum of all the 
magnetic components (which presumably reflects the percentage of
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Kiaman magnetite) was compared with the ratios of K-feldspar/total 
aluminosilicates and illite/total aluminosilicates (Figure 3.10). 
Using this approach, the size of the Kiaman component and the 
percents of K-feldspar and illite exhibit a limited correlation 
across the study area.
In addition to demonstrating a limited correspondence with the 
size of the Kiaman component, K-feldspar/total aluminosilicates also 
shows a limited correlation with Kiaman magnetite; illite/total 
aluminosilicates, however, does not correlate with Kiaman magnetite 
(Figure 3.10). It may be that any variation of illite due to 
diagenetic effects is lost in the noise of the data, since illite of 
probable detrital origin dominates the aluminosi1icate fraction.
Taken as a whole, the results described above indicate that there 
may be a connection between acquisition of the Kiaman magnetization 
and formation of other authigenic minerals, particularly K-feldspar. 
Although there is an imperfect one to one correlation of K-feldspar 
with parameters reflecting Kiaman magnetite content, both Kiaman 
magnetite and K-feldspar concentrations are highest in the central 
sites and lower to the east and west (Figures 3.10 and 3.14). This 
demonstrates that although much of the K-feldspar in these rocks may 
be of terrigenous origin, some of it may have formed when the rocks 
were remagnetized during the Kiaman time period.
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DISCUSSION AND CONCLUSIONS
There has been considerable discussion concerning the method by 
which magnetite-bearing carbonates become remagnetized. The history 
of this debate and the relevant observations and models were 
thoroughly reviewed by McCabe and Elmore (1989).
Many of the questions involved in determining how magnetite- 
bearing carbonates became remagnetized during the Kiaman interval 
revolve around the size of the magnetic carriers. To briefly 
summarize this issue, early studies of remagnetized carbonates 
revealed the presence of muItidomain-size magnetite spheres which 
were interpreted to be of diagenetic or authigenic origin (McCabe et 
al., 1983; Wisniowiecki et al., 1983). In addition, it was believed 
that paleotemperatures in the study areas (e.g., Devonian carbonates 
of New York) were never sufficiently high to produce thermoviscous 
remagnetizations in keeping with the predictions of the Pullaiah et 
al. (1975) blocking temperature-relaxation time relationship for 
magnetite. McCabe et al. (1983, 1989) therefore suggested that the 
remagnetization was a fluid-mediated chemical remanent magnetization 
(CRM). Other studies, however, demonstrated that the Pullaiah et 
al. (1975) model, formulated for single-domain magnetite, might not 
be applicable to multidomain magnetite (Kent, 1985; Worm et al., 
1988; Enkin and Dunlop, 1988). This led to the belief that the 
importance of thermoviscous effects in magnetite-bearing rocks may 
have been underestimated in low to moderate temperature regimes, 
such as that in upstate New York.
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More recently, Jackson (1990), using detailed rock magnetic 
studies, found a bimodal distribution of magnetite grain sizes in 
carbonates (including the Devonian Onondaga Limestone of New York) 
which carry Kiaman remagnetizations. Jackson suggests that the 
multidomain particles observed in extracts are responsible for a 
recent thermoviscous remanent magnetization (TVRM), while previously 
unreported single-domain magnetites carry a Kiaman CRM.
Results of the present study support Jackson's model. Findings 
from this study demonstrate that high ARM/X values, which reflect 
the presence of small magnetite grains (Banerjee et al., 1981; King 
et al., 1982), correspond with large and well-resolved Kiaman 
remagnetization components (Figure 3.6). Likewise, X, which 
reflects the presence of large magnetite grains (King et al., 1982; 
Dunlop, 1986; Heider et al., 1987), correlates with the size of PF 
components across the transect (Figure 3.12). This suggests that 
multidomain magnetite carries a PF TVRM and single-domain magnetite 
carries the Kiaman magnetization, as Jackson proposes.
SEM observations of magnetic extracts from our study area reveal 
numerous multidomain magnetite grains. These particles have various 
shapes, sizes and trace element chemistries (Table 3.2 and Figure 
3.8). At least some of this magnetite may have formed 
authigenically during the Late Paleozoic remagnetization event. 
Single-domain magnetite is not resolvable with the observational 
techniques we used, but its presence in our samples may be inferred 
from the results of rock magnetic studies discussed previously.
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If the Kiaman remagnetizations reside in single-domain magnetite, 
as suggested by Jackson (1990), the Pullaiah et al. (1975) model 
should predict the unblocking temperatures with some accuracy. This 
would support the findings of McCabe et al. (1983), who concluded 
that the paleotemperatures in the northern Appalachian Basin 
preclude a thermoviscous remagnetization mechanism.
The presence of north, shallow (Kiaman normal?) directions at 
sites 5, 6, 7, 11 and 14 of this transect also supports a fluid 
mediated chemical remagnetization model rather than a thermoviscous 
one. If the Kiaman Reversed Superchron was interrupted by brief 
periods of normal polarity, separate fluid pulses during the 
"reversed" and "normal" periods could have triggered formation of 
reversed and normal Kiaman components. It is difficult to visualize 
a thermoviscous regime which could have given rise to this pattern 
of reversed and normal remagnetizations.
Other data from this study also bolster the argument for a CRM 
residing in diagenetic or authigenic magnetite. The central part of 
the transect, which apparently was subjected to the most intensive 
remagnetization during the Kiaman interval, also has the greatest 
concentration of magnetite (estimated using X) (Figure 3.6). These 
findings demonstrate that more strongly remagnetized areas contain 
greater amounts of magnetite than less strongly remagnetized areas. 
In addition, sites 1 and 2, the most weakly magnetic sites of this 
transect, seem to have escaped Late Paleozoic remagnetization. In 
fact, these sites appear to retain a dual-polarity primary Devonian 
magnetization (Figure 3.4). These data coincide with those obtained
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from the southern Appalachian Basin, where remagnetized carbonates 
were found to contain more magnetite than unremagnetized carbonates; 
furthermore, one unremagnetized southern Appalachian site of 
Mississippian age, with extremely weak magnetism, exhibits 
dual-polarity Mississippian magnetic directions (McCabe et al., 
1989). These observations lead to the conclusion that 
remagnetization is associated with the formation of new magnetite in 
carbonates of both the southern and northern Appalachian Basins. 
Moreover, although different grain sizes of magnetite may form, it 
is likely that the Kiaman remagnetization is carried by secondary 
single-domain magnetite. Carbonates not located along fluid 
migration pathways would form no secondary magnetite and would 
remain unremagnetized.
Direct evidence of secondary magnetite in remagnetized carbonates 
is described by Suk et al. (1990a), who made detailed SEM 
observations of thin sections of Knox Group carbonates from east 
Tennessee. They report seeing iron oxide grains in complete contact 
with secondary dolomite as well as interstitial iron oxide grains 
and aggregates in association with secondary K-feldspar. Results of 
the present investigation in the northern Appalachian Basin also 
demonstrate a correlation between K-feldspar and the remagnetization 
component (Figures 3.10 and 3.14). The close association of 
magnetite with diagenetic minerals such as dolomite and K-feldspar 
suggests that at least some of the magnetite within remagnetized 
carbonates is authigenic or diagenetic.
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The findings reported here demonstrate a definite association
between Late Paleozoic remagnetization and formation of secondary
magnetite within ancient carbonates of New York. However, a thermal
contribution to the remagnetization phenomenon cannot be completely
ruled out. As mentioned previously, upstate New York exhibits
moderately high thermal maturity, with paleotemperatures ranging
from about 100°C near Buffalo to about 200°C near Albany (Friedman
and Sanders, 1982; Friedman, 1987; Epstein et al., 1977). Results
of the current study demonstrate that maximum T , of the Kiaman
ub
components generally follow the same trend as the paleotemperatures,
showing an overall increase from west to east along the transect.
This is especially clear for the T , of the best resolved Kiaman
ub
components, present at sites 3, 9 and 13 (Figures 3.1 and 3.6). In 
addition, the high T^^ at these sites correspond with large ARM/X 
ratios (Figure 3.6), demonstrating that higher T^^ correlate with 
magnetite of smaller average grain size (Banerjee et al., 1981). 
These data lead us to infer that heat is associated with the Kiaman 
remagnetization; for example, hot fluids may mediate the synthesis 
of single-domain magnetite particles. McCabe et al. (1989) 
postulated that remagnetization in the northern Appalachian Basin 
might have been triggered by migration of heated fluids from the 
Alleghenian orogenic zone. This model is supported by evidence for 
migration of high-temperature, high-pressure fluids through Devonian 
carbonates of the central Appalachians during or after the 
Alleghenian orogeny (Dorobek, 1989). The pattern of Kiaman T^y in 
the northern Appalachian Basin suggests that fluid temperatures were
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highest near the orogenic zone and decreased toward the Algonquin 
Arch. This correlates with the paleotemperature trend in the region 
and is perhap a related phenomenon.
Collectively, the findings presented here support a 
remagnetization mechanism involving authigenesis of single-domain 
magnetite. A model which is consistent with the results of this 
investigation can be envisioned: 1) during the Late Paleozoic 
Alleghenian orogeny, pulses of hot, potassium-rich brines were 
expelled into the foreland basin; 2) these mediated the synthesis of 
K-feldspar and authigenic magnetite, including some proportion of 
single-domain magnetite; 3) the concentration of authigenic 
K-feldspar as well as the amounts, sizes, and unblocking 
temperatures of new magnetite were controlled by a number of 
parameters. These might include the original mineralogy of the host 
rock and the compositions, quantities, and temperatures of the 
migrating fluids.
A better understanding of remagnetization will result from 
studies concerning the nature of the remagnetizing fluids, the 
pathways of fluid migration, and the chemical mechanism of magnetite 
authigenesis.
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CHAPTER 4
LOW-TEMPERATURE GEOCHEMISTRY OF IRON AND IRON-BEARING MINERALS
The paleomagnetism of sediments provides valuable information 
about the history of the sediments. Chemical changes in the 
sediments, however, can profoundly affect their magnetic properties. 
By studying both diagenesis and paleomagnetism of sedimentary rocks, 
a better understanding of both their chemical history and magnetic 
properties might be attained.
Variables which control geochemical processes in sediments 
include the source of the sediments and the physical processes which 
affect their chemistry. The major sediment sources in marine 
environments are continental, biological, chemical and volcanic.
The relative proportions of the source materials are important 
because they can control chemical properties of the sediments. For 
example, oxidation of organic matter can affect the pE and pH, and 
can therefore be the driving mechanism for chemical reactions in the 
sediments (Henshaw and Merrill, 1980).
Physical processes which affect the geochemistry of sediments 
include variations in accumulation rate, water depth, bottom 
currents, and water chemical characteristics (Henshaw and Merrill, 
1980). In lithified sediments, physical processes might also 
include fluid migration through the sedimentary rocks.
Many factors affect the magnetic properties of rocks, including 
changes in magnetic mineralogy due to authigenesis or diagenesis of
1 2 1
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iron-bearing magnetic minerals. There have been many laboratory and 
field studies involving iron and iron-bearing minerals which could 
elucidate some of the chemical changes which occur in geological 
samples. It is the purpose of this chapter to review some of the 
studies of chemical changes in sediments and sedimentary rocks that 
might affect their paleomagnetic properties.
IRON
The oxidation-reduction chemistry of iron is important in the 
geochemical cycling of many elements in aqueous systems (Hilton et 
al., 1986). Extensive studies have been made of iron in sediments 
because it is one of the most common transition metals in natural 
aquatic systems and it may be an important indicator of redox 
processes (Shiller et al., 1985).
Distribution of iron species. De Vitre et al. (1988) used field 
and laboratory studies to perform a detailed analysis of Fe species 
in Lake Bret (Switzerland). Seasonal changes in concentration depth 
profiles and transformations at the O2/H2S interface were studied. 
For purposes of analysis, iron was divided into three size classes:
1) e lectroactive iron (ea) (smaller than 50 nanometers) which 
consists mostly of dissolved Fe(Il)
2) colloidal iron (c) (between 50 nanometers and 0.45 micron) 
which can be Fe, Fe(ll) or Fe(IIl)
3) particulate iron (p) (larger than 0.45 micron) which can be 
Fe, Fe(II) or Fe(lII).
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Figure A.I demonstrates seasonal changes in the concentration 
depth profile of iron in Lake Bret. The type I graphs show total Fe 
concentration plotted as a function of depth. The type II graphs 
show total Fe concentration divided into the size fractions 
described above. The type III graphs show the variation of the 
redox state within the particulate and colloidal classes of iron as 
a function of depth. In these graphs, the fraction of a given 
species of iron is expressed as a percentage of total particulate 
and colloidal species concentrations.
The O^/H^S transition layer is divided into zones A, B, and C 
which represent three different redox environments.
Zone A is the top of the O2/H2S transition layer. It is a high 
pE environment, with low concentrations of Fe(ll).
Zone B represents an intermediate pE environment with high Fe(ll) 
concentrations.
Zone C is the lower part of the O2/H2S transition layer. It is a 
low pE environment, with high Fe(ll) concentrations.
Figure 4.1 summarizes the seasonal and spatial changes of the 
forms of iron in Lake Bret. The increase in reducing conditions 
from summer to fall is correlated with the change in iron species, 
as shown by the transition from only particulate Fe species in July 
to particulate, colloidal, and electroactive species in the fall.
A depth related redox transition is also illustrated by Figure 
4.1. In zones A and B, a particulate mixed oxidation state Fe 
species forms as dissolved Fe(II) diffuses upward and is oxidized by 
dissolved O2. This particulate species, shown by electron
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microscopy and energy dispersive spectroscopy (STEM/EDS) to contain 
Fe, Ca and P, consists of amorphous, nearly spherical globules 
(0.04-0.3 micron) existing as individual particles or as aggregates 
(0.1-10 microns) (De Vitre et al., 1988).
De Vitre et al. (1988) surmise that the distribution of iron 
species is related to a well-defined redox boundary and the presence 
of sedimentary particulate iron oxide. They demonstrate that the 
particulate Fe is reduced in the anoxic water layers, releasing 
reduced soluble Fe(ll) cations. Upward diffusive transport of the 
soluble Fe(II) species results in its oxidation by 0^ and the 
formation of the insoluble metal oxide.
Solubility and diffusion of iron. In a study of iron solubility
in Kiel Bight, western Baltic, the transition from oxic to anoxic
conditions at the sediment-water interface was simulated by means of
2
an in situ bell jar which covered 3.14 m of sediment (Balzer,
1982). During the experiment, redox potential (Eh), pH, temperature 
and oxygen were monitored. Due to bacterial degradation of organic 
matter at the sediment-water interface, the oxygen concentration in 
the bell jar declined to zero, and the pH declined from 8.30 to 7.48 
by the 57th day of the experiment. This was accompanied by a drop 
in Eh from +600 to -200 mV. The onset of anoxic conditions and fall 
in Eh resulted in an abrupt rise in the concentration of Fe in the 
bell jar, apparently due to release of reduced Fe. Balzer (1982) 
suggested that the concentration of dissolved Fe was limited by 
equilibria with solid Fe-phases such as hydroxides and amorphous 
sulfide.
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There is some question, however, concerning the importance of 
amorphous sulfides in controlling Fe concentrations. Kremling 
(1983) studied trace metal behavior in anoxic waters of the central 
Baltic Sea, which has extensive anaerobic regions and steep 
gradients at the O2/H2S interface. In Kremling's equilibrium model, 
it was assumed that trace metal solubilities in anoxic waters 
generally depend on 1) the oxidation state of the metal, 2) the 
formation of metal sulfide as the controlling solid phase and 3) 
complexing by reduced sulfur species. This model does not appear to 
apply to iron however. Calculation of solubility products for iron 
sulfide demonstrated that FeS saturation did not occur in the water 
column of the central Baltic Sea. Kremling (1983) therefore 
concluded that the ferrous concentration is controlled by diffusion 
from the sediment-water interface and oxidation processes at the 
O2/H2S boundary, leading to increased Fe(II) concentrations during 
extended stagnation periods in the basin.
Carignan and Tessier (1988) found that, in oxic environments, 
diagenetic Fe enrichments are common at or near the surface of lake 
sediments. This is thought to result from upward diffusion of 
porewater Fe(ll) from anoxic sediments followed by precipitation as 
Fe(III) oxyhydroxides in shallower oxygen-rich sediments.
Additional findings on liberation of reduced iron species were 
reported by Canfield and Berner (1985). In a study of Mississippi 
Delta and Long Island Sound sediments, Canfield and Berner (1983) 
measured rates of iron liberation to interstitial solution in vitro. 
In both types of sediments, the rates of iron liberation are related
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to rates of sulfate reduction. The authors suggest that the 
correlation between iron liberation and sulfate reduction shows that 
oxidation of organic carbon controls the rates of iron liberation. 
Canfield and Berner (1985) also found that in the presence of 
abundant reactive iron minerals, iron liberation rates are about the 
same in both the presence and absence of sulfate reduction. They 
believe this shows that iron release to solution is probably the 
result of bacterial iron reduction rather than the reduction of 
ferric oxides by dissolved sulfide. More recently, sediment 
pasteurization experiments demonstrated that bacterial iron 
reduction is the most likely source for dissolved iron in sediments 
where sulfate reduction is absent (Canfield, 1989).
Soluble iron-silica complex in pore waters. An extensive study 
of iron in marine pore waters was reported by Winters and Buckley 
(1986). Minor and trace elements in marine pore waters can reach 
concentrations which are much greater than those in the overlying 
sea water. Winters and Buckley (1986) pointed out that an important 
influence on these concentration gradients is the form and mobility 
of elements in the pore water. For example, complex ions or 
colloids may have a significant effect on the chemical equilibrium 
and diffusion of elements along chemical gradients. In order to 
test the possibility that a dissolved iron silica complex forms in 
pore water, the authors sampled sediments of the southern Sohm 
Abyssal Plain (North Atlantic Ocean).
Quaternary sediments were sampled to a depth of 13 meters. The 
upper 1.7 to 1.9 m of sediment (Zone A) was deposited during the
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Holocene, and sediment below this depth (Zones B and C) was 
deposited during the Late Wisconsin. Table 4.1 shows some 
geochemical data averaged from analyses of the sediments in Zones A, 
B, and C. The concentration of total Fe in the pore water ranged 
from 0.07 micromoles to 245 micromoles, with the lowest 
concentrations in the Holocene A sediments, and the highest 
concentrations in the Wisconsin B or C zones. A similar trend was 
noted for dissolved Si02* In addition, there was a clear trend of 
decreasing pE with depth in the cores. From their measurements of 
iron and other chemical variables in the pore water. Winters and 
Buckley (1986) concluded that Fe concentrations in solution are 2 to 
4 orders of magnitude higher than would be predicted from 
conventional pE-pH diagrams.
Winters and Buckley (1986) constructed a pE-pH diagram showing 
the stability fields of some Fe species (Figure 4.2). The 
equilibrium constants were computed from the free energies of 
formation for the reactive species and the range of concentrations 
for silicate and carbonate were obtained from measurements made on 
the sediment samples. The boxes in the center of the diagram 
represent the range of observed pE and pH found in the A, B and C 
zones of the sediment cores. As shown in Figure 4.2, the pore water 
data for zones A, B and C all fall within the stability fields for 
Fe(ll) and Fe(OH)^, and above the FeSiO^ phase boundary. According 
to the diagram, the Fe(OH)^ phase should dominate the Fe(II) 
equilibrium for most observed pE and pH ranges. Winters and Buckley 
(1986) found that dissolved iron concentrations are higher by 2 to 4
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Table 4.1. Summary of Geochemical Data (Modified from Winters and Buckley, 1986*)
Stratigraphie Organic Total Total Total
Zone Eh(mV) Carbon (%) Si (%) Fe (%) Ca (%)
A 285 ±  06 0.42 ± 0.11 23.0 ±  2.5 4.6 ±  0.6 5.4 ±  1.9
0 n=83 n=65 n=105 n=67 n=107
1  B 1 5 2 + 4 6  0.50 ± 0.15 24.0 ±  2.1 5.0 ±  0.6 2.8 ±  1.1
n=46 n=48 n=74 n=45 n=72
c
^  c  144 ±  25 0.30 ± 0.10 27 . 4 ±  3.7 3.2 ±  1.1 3.0 ±  1.1
n=12 n=15 n=32 n=15 n=32
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Winters and Buckley, 1986, The influence of dissolved FeSijOjiOHjg on chemical equilibria in pore waters 
from deep sea sediments, Geochim. et Cosmochim. Acta, 50, 277-288. Copyright 1986, Pergaimon Press pic. 
Reprinted by permission.
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Figure 4.2 . Stability relations of metastable iron hydroxides, 
silicate, sulfide cind stable iron carbonate in water at 25°C, 1 
atmosphere. [Si(OH)J = 10" M, [HCOj] = 10" M and [SO/] = 10'-^  M. 
Boundaries between dissolved and solid phases are at an activity of 
10"* M of the dissolved iron species. Boundaries at a 10"* activity are 
included to show the rate of change of solubility. The shaded boxes 
represent the range of observed pE and pH found in Zones A, B and C 
(Modified from Winters and Buckley, 1986, The influence of dissolved 
FeSi]0] (OH), on chemical equilibria in pore waters from deep sea 
sediments, Geochim. et Cosmochim. Acta, 50, 277-288. Copyright 1986, 
Pergamon Press pic. Reprinted by permission).
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Figure 4.3. Stability relations and conditions are similar to those 
which were described for Figure 4.2, with the exception that the 
proposed ferrihydrite species FeSijOj(OH), has been included as a 
dissolved phase. In addition, 111 observed pE and pH values have been 
plotted (Modified from Winters and Buckley, 1986, The influence of 
dissolved FeSi/^(OH), on chemical equilibria in pore waters from deep 
sea sediments, Geochim. et Cosmochim. Acta, 50, 277-288. Copyright 
1986, Pergamon Press pic. Reprinted by permission).
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orders of magnitude than would be predicted by these equilibrium 
relationships, even when temperature and pressure effects are 
considered. They therefore believe that the "dissolved" iron 
measured in the Sohm sediment pore water is not entirely the simple 
ferrous ion, but may include very small particulate iron or 
colloidal iron species.
In order to examine the possibility that a soluble iron-silica
complex is present in the pore waters. Winters and Buckley (1986)
derived a value for the free energy of formation of the iron-silica
complex FeSigOg(OH)g and constructed a new phase diagram with new
stability fields (Figure 4.3). Compared with Figure 4.2, the new
phase diagram shows important differences in the predicted
concentrations of dissolved or complexed iron. Figure 4.3 shows
predicted Fe(II) concentrations (10 ^ to 10 ^ moles/1) which are
-  12 -  8
significantly greater than those in Figure 4.2 (10 to 10 
moles/1). In addition, the equilibrium phase relationships which 
include the new dissolved iron silicate suggest that Fe(OH)g would 
be the equilibrium solid phase in mildly reduced sediments, but 
FeSiOg could be the principal precipitate in more reduced sediments. 
In agreement with this model, a study of the geochemistry of 
iron-rich ground water in Maryland cited Fe(OH)g as an important 
control on the solubility of ferric species (Barnes and Back, 1964).
The studies discussed above demonstrate that normal processes in 
aquatic systems can result in 1) reduction of iron and release of 
Fe(ll) from iron-containing compounds, 2) transport of the
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liberated Fe(II), 3) oxidation of Fe(ll) to Fe(III) and 4) 
re-recipi tation of Fe(III) in new iron-containing compounds.
Other investigations demonstrate that transport of Fe(II) and 
formation of iron-bearing compounds can be extensive.
DIAGENETIC TRANSPORT OF IRON
Iron Transport. In addition to diffusive motion, trace elements 
may travel by advection of pore-water along faults. Buckley (1989) 
studied this process in fractures in unconsolidated sediments in the 
Southern Nares Abyssal Plain (western North Atlantic). A long 
piston core was obtained which intersected four fractures previously 
identified by seismic profiling. Subsamples of sediment were 
collected from below the fractures, in the fractures, and above the 
fractures. The subsamples were then analyzed for geochemical 
characteristics, including concentrations of trace metals. The 
geochemical data showed that sediments around at least one fracture 
plane were exposed to conditions which caused leaching of potential 
labile metals. Results demonstrated that between 52% and 79% of the 
labile metals, including Fe, had been leached from the sediments 
surrounding the fracture plane.
Buckley (1989) proposed that this leaching took place as a result 
of vertical advection of deeper, more reducing, and more metal-poor 
pore water along the fracture plane. The disequilibrium between the 
vertically moving pore water and the oxidized sediments resulted in 
reducing and leaching of metal oxides and oxyhydroxides from the
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sediments surrounding the fracture plane. Buckley (1989) suggested 
that this process could produce significantly greater vertical 
fluxes of metals than predicted on the basis of diffusion-driven 
movement.
Iron redeposition. In addition to large-scale iron transport, 
redeposition of transferred iron can also be extensive. Iron-rich 
crusts have been found in areas of the western equatorial Atlantic 
Ocean, Gulf of Mexico, Caribbean Sea, Coral Sea, Mediterranean Sea, 
Blake-Bahama Outer Ridge, Sierra Leone Basin and Ganges abyssal fan 
(MeGeary and Damuth, 1973). McGeary and Damuth (1973) studied 
iron-rich crusts on the Amazon abyssal fan and adjacent continental 
rise and abyssal plains. This crust separates terrigenous 
hemipelagic deposits from overlying pelagic sediments. The authors 
believe that solution of iron from within the sediment with 
redeposition at the sediment-water interface is the most likely 
origin for these crusts. In McGeary and Damuth's model, plant 
material decaying in the hemipelagic sediment reduces and dissolves 
the iron from the terrigenous minerals. The reduced iron is then 
moved upward in the interstitial water during sediment compaction. 
When exposed to the oxidized sea water above the sediment, the iron 
is oxidized and reprecipitated, forming a cement that binds the 
sediment into a hard iron-rich layer.
The foregoing discussion clearly demonstrates that, in aquatic 
systems, iron can be dissolved (in reducing conditions), mobilized 
(by diffusion, advection, or sediment compaction), and 
reprecipitated as new iron-bearing compounds (in oxidizing
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environments). For paleomagnetic studies, however, iron-containing 
magnetic minerals are of primary interest. The next section, 
therefore, will focus on the formation and dissolution of 
iron-bearing minerals.
IRON-BEARING MINERALS
Magnetic minerals clearly affect the magnetic properties of 
samples. Chemical effects on magnetic properties are frequently 
associated with formation of new magnetic minerals (authigenesis) or 
alteration of one magnetic mineral to another magnetic or 
non-magnetic mineral (diagenesis). Common magnetic minerals in 
sediments include magnetite, hematite, maghemite, goethite and 
monoclinic pyrrhotite. Pyrite, glauconite and siderite are 
prevalent non-magnetic iron-containing minerals in sedimentary 
deposits.
Stability of iron-bearing minerals. It is generally accepted 
that the typical iron minerals which form authigenically under 
sedimentary conditions are hematite, goethite, siderite, glauconite, 
and pyrite (Berner, 1971). There is evidence to indicate, however, 
that magnetite can be deposited by meteoric solutions under 
low-temperature conditions (Friedman, 1934), and therefore may 
sometimes be formed authigenica 1 ly.
In order to understand the geochemistry of iron-containing 
minerals, it is important to determine which minerals are stable in 
various environments. Assuming equilibrium conditions, it is
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possible to construct stability diagrams for various iron-bearing 
minerals. Commonly, redox potential (pE or Eh) is plotted against 
pH. Eh and pE are related by the equation: pE = F/2.303RT x Eh 
where F is the Faraday constant, R is the gas constant, T is the 
absolute temperature, and 2.303 is the conversion from natural to 
base 10 logarithms (Drever, 1988).
In order to be valid, a stability diagram should include all the 
known solution species and mineral phases which are present in the 
environment being considered (Carrels and Christ, 1965). Henshaw 
and Merrill (1980) constructed two stability diagrams for 
iron-containing phases in marine sediments (Figures 4.4 and 4.5) 
using the free energy data and concentrations given in Tables 4.2 
and 4.3. The Henshaw and Merrill (1980) diagrams are based on 
updated thermodynamic data, and differ considerably from the usually 
quoted diagrams of Carrels and Christ (1965), two of which are shown 
in Figures 4.6 and 4.7. Figure 4.4 demonstrates that, contrary to 
frequent assumptions, magnetite could form authigenically in marine 
sediments (the pH of seawater and marine sediments is 8.1-8.2, and 
the pE in marine sediments can vary widely) (Henshaw and Merrill, 
1980). Figure 4.5 shows the effect that manganese can have on the 
Fe-S-H20 system, with iron manganese oxides such as jacobsite 
functioning to stretch the range of the iron spinel group into the 
goethite/hematite range (Henshaw and Merrill, 1980).
Examination of Figures 4.4 and 4.5 imply various relationships 
among iron-containing phases, some of which may not be entirely 
correct. Errors in stability diagrams arise because 1) the diagrams
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Figure 4.4. A pE versus pH equilibrium diagram of the Fe-S-H,0 system, 
using the hydroxide-oxide mineral change of goethite to magnetite. 
Thermodynamic data from Table 4.3 were used. Pq2 = 0.20 atm., T = 25®C 
(From Henshaw and Merrill, 1980, Magnetic auid chemical changes in 
marine sediments. Rev. Geophys. Space Phys., 18, 483-504. Copyright 
1980, American Geophysical Union).
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Figure 4.5. A pE versus pH equilibrium diagram of the Fe-S-H,0 system 
using the hydroxide-oxide mineral change of goethite to magnetite with 
Mn00H-Mnj04 equilibrium line superimposed. The shaded area represents 
the pE-pH change in which jacobsite or an iron manganite might be 
stable. Thermodyneunic data from Table 4.2 and seawater concentrations 
of solution species from Table 4.3 were used. Pq2 = 0.20 atm., T = 
25®C (From Henshaw and Merrill, 1980, Magnetic auid chemical changes in 
marine sediments. Rev. Geophys. Space Phys., 18, 483-504. Copyright 
1980, American Geophysical Union).
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TABLE 4.2. Free Energy Data for Reaction Species in 
Fe-Ti-Mn-S-H_0 System 
(Modified from Henshaw and Merrill, 1980 )
Spccici
0
♦
H 0
«2° -56.69
Oil -37.595
3*
Fe -2.52
:♦
FeOH -55.91
F«(OH)j* -106.2
F*(OH)]° -154.01
F«(Oll)^ ' -199.43
2»F* -20.30
F«OH* -64.31
.2-S *21.96
HS' ♦3.01
HjSCaqueous) -6.54
HSO^* -179.94
2-
SO, -177.34
Tio:* -138.0
TiOOH* -192.65
Ti(OH),® -306.57
TiOtOH)^® -253.0
HliOj' -228.5
FtCOHjjS -115.57
*"2*3 -177.1
F.3O, -242.4
FtS -24.3
'*2 -38.3
FfTiOj -268.9
F.2TiO, -338.0
HnOOH •133.3
""3O4 -306.2
Ti02 -212.3
Henshaw and Merrill, 1980, Magnetic and chemical 
changes in marine sediments. Rev. Geophys. Space Phys., 
18, 483-504. Copyright 1980, American Geophysical Union.
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TABLE 4.3. Concentrations of Dissolved Fe, Ti, and S in Seawater 
(Modified from Henshaw and Merrill, 1980 )
Element Concentration
mole/L
Iron 3.5 x 10 „
Titanium 2.0 x 10 _
Sulphur 2.8 x 10
* Henshaw and Merrill, 1980, Magnetic and chemical changes in 
marine sediments, Rev. Geophys. Space Phys., 18, 483-504. 
Copyright 1980, American Geophysical Union.
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Fe
+0.6 -
HEMATITE + WATER
+0.2 - 
Eh
0.0 -• SIDERITE + WATER
- 0.2 ■ ■
- 0.6
- 0.8 "
6 842 10 12
pH
Figure 4.6. Stability of hematite, magnetite euid siderite in aqueous 
solution containing total dissolved carbonate species of ICT^ m at 25®C 
and 1 atmosphere total pressure. Contour is for log(dissolved iron) = 
-4. Boundary between solids and ions at log[dissolved iron] = -6 
(Modified from Garrels auid Christ, 1965, Solutions, Minerals and 
Equilibria, 450 pp. Copyright 1990, Jones and Bartlett Publishers, 
Boston. Reprinted by permission).
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Figure 4.7. Stability relations of iron oxides and sulfides in water 
at 25*C and 1 atmosphere total pressure when ES = 10*. Sulfide 
boundaries shrink and FeS appears as a stable phase at intermediate pH 
under strongly reducing condition. There is also a marked increase in 
the area of "acid solubility" over a wide range of Eh (Modified from 
Garrels and Christ, 1965. Solutions, Minerals and Equilibria, 450 pp. 
Copyright 1990, Jones and Bartlett Publishers, Boston. Reprinted by 
permission)
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show only the relative thermodynamic stabilities of the phases used 
to construct them (which may be incomplete), 2) are only as reliable 
as the thermodynamic data used to develop them (which can be 
variable) and 3) assume equilibrium conditions (which may not exist 
in a given environment).
Goethite and Hematite. One of the assumptions used in the 
construction of Figure 4.4 is that goethite is more stable than 
hematite (Henshaw and Merrill, 1980). There has, however, been much 
disagreement about the relative stabilities of goethite (FeOOH) and 
hematite (Fe20g) in soils and sedimentary rocks. The dehydration of 
goethite to hematite is described by the reaction
2 FeOOH = Fe_0_. + H_0.
goe 2 3hem 2
Four different experimental methods have been used to ascertain 
equilibrium conditions between hematite and goethite:
1) calculations of free energy, 2) measurement of differential 
goethite and hematite solubilities, 3) measurement of the thermal 
decomposition temperature of goethite and 4) syntheses of goethite 
and hematite (Langmuir, 1971).
Berner (1969) determined the differential solubility of hematite 
and goethite at 85°C and calculated the free energy of the 
dehydration reaction described above for 0°C. The solubility 
results demonstrated that fine-grained goethite is less stable than 
hematite at 85°C. The free energy of formation ( AF°) at 0°C was 
found to be -0.20 kcal/mole, indicating that fine-grained goethite 
is thermodynamically unstable relative to hematite under all 
geological conditions. Berner (1969) concluded that fine-grained
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goethite has no geochemical stability field in geological 
situations. Although kinetic considerations may allow goethite to 
form initially, during processes such as weathering, it is a 
metastable intermediate which eventually dehydrates to hematite.
Langmuir (1971) did further research on the thermodynamic 
relations between goethite and hematite, taking into account the 
effect of particle size. Geochemical calculations showed that 
coarse-grained (>1 micron) goethite is stable relative to 
coarse-grained hematite in water up to 80°C. In soils and sediments, 
however, most goethite is fine-grained, making it unstable relative 
to hematite. Langmuir (1971) indicated, though, that rates of 
conversion of goethite to hematite are generally sluggish at low 
temperatures and pressures, resulting in extremely slow 
trans formation.
One mechanism by which goethite alters to hematite was elucidated 
by Goss (1987) using a combination of kinetic and microstructural 
evidence. Goss (1987) found that the transformation proceeds from 
the surface inward by the formation of parallel pores along the 
closely packed goethite planes, which allow water to escape. This 
results in the formation of finely-twinned hematite. The reaction 
front is the interface between the undehyrated goethite and the 
hematite twins, and is phase-boundary controlled in two dimensions.
Trolard and Tardy (1987) studied the stability relationship 
between Al-goethite and Al-hematite in laterites. They found that 
the temperature and the chemical potential of water are both 
important in controlling the transformation of goethite into
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hematite. Calculations of free energy and equilibrium constants 
demonstrated that the dehydration of goethite into hematite can 
occur at [HgO] = 0.883 and at a temperature of 38.5°C. Calculations 
also showed that the effect of an increase in temperature is similar 
to that produced by a decrease in water activity (Figures 4.8 and 
4.9), indicating that various combinations of water activity and 
temperature may trigger the goethite to hematite transformation.
Since the interconversion between hematite and goethite is very 
slow, Fischer and Schwertmann (1975) speculated that these two 
minerals in soils are not related by the simple hydration- 
dehydration equation shown above, but are formed by separate 
pathways from a common source. Laboratory experiments involving 
crystallization of hematite and goethite from amorphous Fe(III) 
hydroxide (ferrihydrite) indicated that this is a suitable source. 
Fischer and Schwertmann (1975) believe that environmental conditions 
determine which of the two minerals form, probably because of their 
control on the kinetics of the alternative reactions. In laboratory 
experiments, Fischer and Schwertmann (1975) confirmed that the 
mechanism of hematite formation from ferrihydrite is fundamentally 
different from that of goethite. Goethite is formed by dissolution 
and reprecipitation while hematite forms by internal dehydration of 
the aggregated amorphous hydroxide. Conditions which favor 
aggregation of the hydroxide, such as higher temperature and 
increased concentration, enhance hematite nucléation and 
crystallization. In a later study of hematite formation from 
ferrihydrite, Johnston and Lewis (1983) found that ferrihydrite
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bulk system and the water activity for different temperatures and at a total pressure of 1 bar (Modified 
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particles of 3-5 nanometers diameter coalesce to form hexagonal 
hematite platelets which are initially about 20 nanometers in 
diameter, and which increase to 30-40 nanometers with time.
Due to the complex relationship between hematite and goethite 
there may be a question about which phase diagrams (i.e. Figures 4.4 
and 4.3 from Henshaw and Merrill (1980) or Figures 4.6 and 4.7 from 
Garrels and Christ (1965)) more accurately describe the stability 
fields of these minerals in geological situations.
Pyrrhotite. Monoclinic pyrrhotite is a magnetic iron sulfide. It 
has the approximate composition FeS, but always has less iron than 
indicated by its chemical formula. Most pyrrhotites have chemical 
compositions within the range Fe^Sg and Fe^Sj^ (Thompson and 
Oldfield, 1986). Pyrrhotite probably forms when sediments are 
sulfurized, as part of the sequence: initial iron sulfide -> 
pyrrhotite -> greigite -> pyrite. This pathway is more common in 
marine than freshwater environments (Thompson and Oldfield, 1986).
Pyrrhotite rarely carries useful paleomagnetic information. It 
does, however, have a high magnetic susceptibility and can cause 
local anomalies of the magnetic field (Clark, 1984).
Pyrite and Magnetite. Two other iron-bearing minerals frequently 
found in sediments are pyrite and magnetite. Although pyrite is not 
a magnetic mineral, its relationship with other iron-containing 
phases makes it important in paleomagnetic considerations.
Pyrite. Pyrite, FeS2, is a common authigenic component of 
sediments and sedimentary rocks (Berner, 1970; 1984). It is stable 
only under anaerobic conditions and in the presence of dissolved
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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sulfide. Such an environment is produced in modern sediments by the 
metabolism of organic matter by bacteria. This results in the 
removal of oxygen from the water and its replacement with dissolved 
sulfide (Berner, 1970).
The major stages in the formation of pyrite are: 1) anaerobic 
bacterial sulfate reduction to form H2S, 2) reaction of H^S with 
iron to form non-crystalline iron monosulfides and 3) reaction of 
the iron monosulfides with elemental sulfur to form pyrite. If 
elemental sulfur is not available, iron monosulfides (FeS) may 
persist in a sediment and crystallize as mackinawite (FeS), 
pyrrhotite (Fe^ ^^), or greigite (Fe^S^) (Berner, 1970).
The major factors limiting pyrite crystallization are: 1) the 
availability of metabolizable organic matter, 2) the presence of 
iron minerals and 3) the amount of dissolved sulfur (Berner, 1984).
Pyrite normally forms in anaerobic sediments, but it may also be 
produced in an anoxic water column. Skei (1988) studied the 
formation of framboidal iron sulfide (presumed to be pyrite) in the 
anoxic water of Framvaren Fjord, south Norway. Using scanning 
electron microscopy/energy dispersive X-ray analysis (SEM/EDAX) to 
study particulate iron phases in the water column, Skei (1988) found 
that the particulate iron phase at the redoxcline is an oxide form 
while a ferrous sulfide phase prevails at greater depths. Iron 
sulfide framboids were found in samples from 20-180 m depth, being 
less euhedral at shallow depths than in the strongly anoxic deep 
water (>100 m). The size of the framboids ranges from 3-10 microns, 
with the diameters of individual spheres varying between 0.3-0.7
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micron. Skei (1988) concludes that pyrite is most likely formed in 
the water near the redoxcline where metabolizable organic matter, 
elemental sulfur and reactive iron are available.
Pyrite is also found in marsh and estuarine sediments (Luther et 
al., 1982). Luther et al. (1982) investigated pyrite and pyrite 
oxidation products in salt marsh and estuarine sediments using 
SEM/EDAX analysis. Framboids (5-40 microns) and fine-grained 
crystals (0.2-2.0 microns) of pyrite were found in marsh sediments 
from Great Sippewissett Marsh (Cape Cod, MA), Sapelo Island 
(Georgia) and Hackensack Meadowlands (N.J.) and in estuarine 
sediments from Newark Bay (N.J.). The single crystals are thought 
to form when pyrite crystallizes rapidly and the framboids are 
thought to form during the slow synthesis of pyrite from iron 
monosulfides and greigite. Single crystals were dominant in all of 
the marsh sediments, suggesting that pyrite forms rapidly in this 
type of environment (Luther et al., 1982).
Crystalline iron oxide particles were also observed in most of 
the above marsh and estuarine sediments. These particles were in 
the form of framboids and fine crystals, similar in size to the 
pyrite crystals described previously. Luther et al. (1988) 
speculate that the iron oxides are pseudomorphs formed by oxidation 
of pyrite. They believe that these oxidized phases may form when 
pyrite-containing sediments enter an oxidized water column through 
dredging and/or natural mixing and remain suspended in the water 
column for an extended period of time before being redeposited. 
Luther et al. (1982) suggest that the oxidized iron crystals could
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be hematite, goethite and/or magnetite, although they believe that 
thermodynamic considerations make goethite the most likely 
possibi lity.
The above discussion suggests that iron oxides can form from 
pyrite oxidation. There is also evidence that magnetite (Fe^O^) and 
other iron oxides can be reduced to form pyrite (Karlin and Levi, 
1983). In studies of cores from the Guaymas Basin (Gulf of 
California) and from the Oregon continental slope, Karlin and Levi 
(1983) found that natural magnetization decreased dramatically with 
depth. They believe that this is due to oxidative decomposition of 
organic matter, which causes iron oxides to become progressively 
reduced and then sulfidized and pyritized with depth. Well- 
crystallized iron oxides have generally been considered to be 
relatively unreactive in reducing environments. Howevever, recent 
re-determinations of phase equilibria in the Fe-S-H20 system suggest 
that ferrimagnetic oxides such as magnetite, hematite and maghemite 
may not be thermodynamically stable in the Eh-pH conditions found in 
some anoxic porewaters (Karlin and Levi, 1983). Figure 4.10 is an 
Eh-pS stability diagram from Berner, 1964. This figure shows that 
magnetite, hematite and siderite would not be stable in anaerobic 
marine sediments containing significant amounts of dissolved 
sulfide.
The following model was developed by Karlin and Levi (1983) to 
explain iron and sulfur diagenesis in their study area:
1) In the top 20-30 cm of the anoxic muds of the Guaymas Basin 
and Oregon sediments, the iron in fine-grained iron oxides becomes
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reduced by reaction with organic matter. Iron reduction precedes 
sulfide formation.
2) Reduced iron diffuses downward or forms an unstable Fe(II) 
compound which is ultimately moved into the zone of sulfidization 
and pyritization.
3) The Fe(ll) eventually reacts with H2S, derived from sulfate 
reduction, to form mackinawite, which reacts with elemental sulfur 
to form pyrite.
4) The rates of monosulfide and pyrite formation are controlled 
by the availability of reactive iron.
The extent of iron diagenesis, and resulting effects on magnetic 
properties depends on the extent of development of reducing 
conditions and the initial grain size distribution and crystal1 inity 
of the magnetic oxides (Karlin and Levi, 1983).
In a more recent study, Canfield and Berner (1987) investigated 
the dissolution and pyritization of magnetite in anoxic marine 
sediments from Long Island Sound and from the Mississippi Delta.
They believe that magnetite dissolution should be a common 
occurrence in sediments undergoing active sulfate reduction and H^S 
formation. Canfield and Berner (1987) found that the degree of 
dissolution of the magnetite is related to the surface area of the 
magnetite, the concentration of dissolved sulfide and the length of 
time over which magnetite is in contact with the high sulfide pore 
waters. They conclude, therefore, that magnetite diagenesis 
responds directly to and reflects pore water chemistry.
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The above discussion demonstrates that pyrite may form via 
reduction of magnetite, and magnetite may form diagenetically from 
oxidation of pyrite. There have also been investigations which 
studied the authigenic development of magnetite.
Magnetite. Magnetite is commonly found in soils, with the 
uppermost layers of soil generally much more magnetized than the 
deeper soil layers or the country rock from which the soil has 
formed (Banerjee, 1988; Maher and Taylor, 1988). Until recently, 
magnetite in soils has usually been attributed to lithogenic, 
biogenic or industrial sources (Taylor et al., 1987). Lithogenic 
magnetites are usually large (1-50 microns), octahedral, multidomain 
grains, frequently containing trace amounts of Ti, V, Cr, and other 
elements. Biogenic (bacterial) magnetites are generally sub-rounded 
cubes or flat-ended hexagonal prisms of superparamagnetic or 
single-domain size. Magnetite generated as pollutants in industrial 
processes has also been found in soils. These magnetite particles 
are generally spherules of variable size (1 mm - <1 micron) with 
surfaces composed of smooth or fused platelets (Taylor et al.,
1987). Soil magnetite also forms via combustion, which can raise 
soil temperatures to 800°C and induce a reducing soil-pore 
atmosphere. Under these conditions, fine-grained iron oxides such 
as hematite and goethite may transform to ferrimagnetic minerals 
such as magnetite and maghemite (Taylor et al., 1987).
Recently, evidence has emerged showing that magnetite also forms 
authigenically under ambient environmental conditions. Taylor et 
al. (1987) demonstrated how magnetite within the single-domain and
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superparamagnetic size range can be synthesized under conditions 
similar to those in the natural environment. They prepared a series 
of black, magnetic precipitates of various grain sizes by the 
controlled oxidation of Fe(II) solutions containing small quantities 
of Fe(III) hydroxide (ferrihydrite) in suspension. During the 
experiments, the pH was kept at a chosen value while air was bubbled 
into the solution at a controlled rate. To determine the effect of 
various environmental conditions on the oxidation rate and products, 
the experimental parameters such as Fe(Il) and Fe(III) 
concentrations, container sizes, solution volumes, temperature, pH, 
air flow and stirring methods were changed in different experiments.
Table 4.4 lists the experimental conditions used and the end 
products of the experiments as determined by transmission electron 
microscopy and X-ray diffraction. The experiments listed in the top 
part of Table 4.4 formed precipitates which were identified as pure 
magnetites or as magnetites containing trace quantities of 
Fe-oxide/hydroxide impurities. In the experiments listed at the 
bottom of Table 4.4, the chosen parameters produced Fe oxides other 
than magnetite as the primary phases. The results demonstrated that 
increasing either the concentration of Fe(ll) or the solution 
temperature favors the formation of magnetite. Experiments MT26 and 
MT28, carried out at higher Fe(ll) concentrations and temperatures, 
resulted in pure magnetites with the largest grain sizes produced in 
the series.
Taylor et al. (1987) conclude that fine-grained magnetite forms 
easily under pH and temperature conditions normally found in soils
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T2 0.75 0.075 100 7.3 22 nil >1350 MG 0.020 0.002-0.050 0.019
MT3 0.75 0.075 100 7.2 23 2 240 MG 0.016 0.002-0.030 0.016
MT4 0.75 0.075 100 7.5 25 2 150 MG 0.014 0.006-0.028 0.014
MT5 0.75 0.075 100 7.5 26 4 49 MG 0.012 0.004-0.022 0.012
MT6 0.75 0.075 100 7.5 26 4 80 MG 0.013 0.005-0.035 0.013
MT7 0.75 0.075 100 7.5 24 6 58 MG 0.012 0.005-0.022 0.012
MTS 0.75 0.075 100 7.5 22 10 36 MG 0.017 0.006-0.050 0.017
MT14 3.00 0.300 100 6.9 23 1 680 MG 0.022 0.003-0.050 0.022
MT15 3.00 0.300 100 6.9 30 1 405 MG 0.023 0.007-0.036 0.025
Mil 6 0.75 0.075 100 6.9 30 2 115 MG 0.021 0.008-0.040 0.020
Mil 7 0.75 0.075 100 7.2 25 2 120 MG - - -
HT18 3.00 0.300 100 7.2 30 2 98 MG/LP 0.016 0.004-0.037 0.016
HT22 2.5 - 45 7.0 22 1 160 MG/cr LP 0.034 0.010-0.066 0.031
MT26 2.5 - 45 7.0 30 2 920 MG/tr LP 0.036 0.011-0.070 0.036
MT28 2.5 45 7.0 30 2 1060 MG 0.032 0.008-0.066 0.032
MT9 0.75 0.075 100 7.5 22 15 43 LP/cr MG
MTIO 0.75 0.075 100 6.9 22 4 111 LP/CT/tr MG
HT12 0.75 0.075 100 6.9 22 2 49 LP/CT/tr MG
HT13 0.75 0.075 100 6.9 22 1 180 LP/CT/tr MG
MT25 2.5 - 45 7.0 25 2 1370 LP/GT/tr MG
MT27 2.5 - 45 7.0 30 2 590 MG/LP
HT29 2.5 45 7.0 30 1 2720 MC/CT 0.069 0.014-0.171 0.064
MG = magnetite; GT = goethite; LP = lepidocrocite ; tr = trace amount
Taylor et al., 
magnetite, Clay 
permission.
1987, Magnetite in soils: I. The synthesis of single-domain and superparamagnetic 
Min., 22, 411-422. Copyright 1987, Mineralogica1 Society, London. Reprinted by
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and that some single-domain and superparamagnetic magnetite in soils 
is formed authigenically.
Maher and Taylor (1988) studied magnetite in soils from Exmoor 
and the south Lake District, UK. Both of these soils have weakly 
magnetic parent materials and no significant detrital contribution 
of magnetite. Magnetic analyses demonstrated the presence of pure 
ultrafine-grained magnetite in these soils, which increased in 
concentration from the base to the surface of the soil (i.e. with 
the age of the soil). Electron microscope observations of the 
magnetite revealed single grains with octagonal or hexagonal 
outlines which varied in size from 0.1-0.01 micron. Energy 
dispersive analysis showed that iron is often the only detectable 
cation in these crystals. Maher and Taylor (1988) believe that the 
magnetite in their soil samples is authigenic for the following 
reasons: 1) the morphology and composition differs from that 
reported for lithogenic magnetite, which often occurs as elongate 
inclusions in silicates and frequently contains titanium, 2) no 
bacterial cells are associated with the soil magnetites and 3)
Taylor et al. (1987) demonstrated the ease of formation of pure, 
ultrafine-grained magnetite at temperature and pH conditions found 
in soils. The synthetic magnetites of Taylor et al. (1987) were 
very similar to the soil magnetites found by Maher and Taylor (1988) 
in their UK samples. Maher and Taylor (1988) conclude, therefore, 
that magnetite forms authigenically in the Exmoor and south Lake 
District soils.
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In a later study, Maher and Thompson (1991) observed variations 
in magnetite content of loess and interbedded paleosols in 
north-central China. Magnetic susceptibility measurements indicated 
a mean magnetite concentration of between 0.08% and 0.14% by weight 
in the loess layers, and 0.2% and 0.32% in the soil layers. In 
addition, there were significant grain-size differences between the 
loess and soil layers. The soil horizons contain ultrafine-grained 
magnetite, of single-domain and superparamagnetic size (up to 0.05 
micron), while the loess layers generally contain larger magnetite 
particles. Maher and Thompson suggest that the higher 
concentrations of single-domain and superparamagnetic magnetite in 
the paleosol layers is due, at least in part, to its in situ 
formation.
Maghemite. The last magnetic mineral which will be discussed in 
this section is maghemite (01^20^). Maghemite is closely related to 
magnetite. Both are cubic spinel minerals, but maghemite contains 
only ferric ions while magnetite contains one ferrous ion for every 
two ferric ions. Maghemite is generally considered to be metastable 
because it converts to hematite (01^ 20^) when heated to temperatures 
above 300°C (Thompson and Oldfield, 1986). The oxidation of Fe^O^ 
to ôFe2Ü^ has been closely investigated. Gallagher et al. (1968) 
developed a model for the oxidation of magnetite to maghemite based 
on cationic diffusion. According to this model, particles less than 
3000 angstroms in diameter always transform to maghemite while 
larger particles convert to hematite due to spontaneous nucléation 
of oiFe20g caused by lattice strain.
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Colombo et al. (1968) also studied the transformation of 
magnetite to maghemite. They believe that grain size is not a 
critical factor in determining whether magnetite oxidizes to 
maghemite or hematite. They found that stoichiometric magnetite 
forms maghemite even when its particle size is greater than 3000 
angstroms, while magnetite which is deficient in ferrous ions 
transforms to hematite even when its particle size is smaller than 
3000 angstroms. Colombo et al. (1968) conclude that the presence of 
nuclei of aFe20  ^ controls the low temperature oxidation of magnetite 
to hematite.
Temperature effects on magnetite authigenesis. It is well known 
that magnetite is common in igneous rocks, which form from cooling 
magma (Thompson and Oldfield, 1986). Magnetite also forms during 
soil combustion, during which temperatures can reach 800°C (Taylor 
et al., 1987). Clearly, high temperatures are conducive to 
magnetite synthesis. There is little information available about 
magnetite authigenesis at low temperatures. However the results of 
laboratory experiments by Taylor et al. (1987) show that magnetite 
can form at low temperatures ranging from 22-30°C. It would appear 
therefore, that magnetite can form under temperature conditions 
normally found in soil, water and crustal rock. Further evidence 
for this is provided by the studies of Maher and Taylor (1988) and 
Maher and Thompson (1991), which demonstrate low-temperature 
synthesis of authigenic magnetite in soils of the United Kingdom and 
China.
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Models for magnetite authigenesis. Conclusions drawn from the 
studies discussed previously and examination of the stability 
diagrams shown in Figures 4.4, 4.5, 4.6 and 4.7 demonstrate that the 
common magnetic minerals (goethite, hematite, pyrrhotite, magnetite 
and maghemite) can all form via authigenesis or diagenesis in 
natural environments. An important purpose of this research project 
is to determine whether Early- and Mid-Paleozoic carbonates in the 
Appalachian Basin are likely to contain authigenic or diagenetic 
magnetite formed during the Late Paleozoic Alleghenian Orogeny.
Given the information in this chapter, various models could be 
devised which would allow the formation of new magnetite in these 
Paleozoic carbonates.
One model which might explain authigenic magnetite precipitation 
is based on the studies of Taylor et al. (1987). In this model, 
warm, reduced basinal waters containing dissolved Fe(II) species 
entered the carbonates due to sediment compaction or advection along 
faults during the Alleghenian Orogeny. Slightly oxidizing pore 
waters within the carbonates contained Fe(OH)^ (ferrihydrite) in 
suspension. Chemical reactions between the Fe(ll) and the 
ferrihydrite in the warm, oxidizing waters resulted in the 
crystallization of new magnetite.
In another scenario, based on the observations of Luther et al. 
(1982), magnetite might form diagenetica1ly via oxidation of pyrite. 
In this model, oxidizing basinal fluids entered Appalachian Basin 
carbonates which contained pyrite crystals or framboids. Pyrite 
oxidation resulted in the formation of pseudomorphs of magnetite.
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Another mechanism for magnetite formation was proposed by McCabe 
et al . (1989). They suggest that Late Paleozoic magnetite 
authigenesis in the Appalachian Basin was linked to migration of 
potassium-rich fluids through this region. In their model, 
authigenic magnetite is a by-product of the diagenetic alteration of 
detrital clay minerals to K-feldspar and illite. In a related 
study, Lu et al. (1991) proposed that magnetite authigenesis must 
have been triggered by the introduction of potassium in a basin-wide 
fluid flow event during the Late Paleozoic. They suggest that the 
breakdown of iron-bearing smectite to form il lite/smectite or 
K-feldspar is initiated by the introduction of potassium. Two 
possible reaction sequences are proposed by Lu et al. (1991):
1) Fe-bearing smectite + K-bearing fluids -> illite/smectite + 
magnetite + quartz + fluids
2) Fe-bearing smectite + K-bearing fluids -> K-feldspar + 
magnetite + quartz + chlorite + fluids.
At this time, little is known about the geochemistry of 
Appalachian Basin waters or carbonate pore waters during the Late 
Paleozoic. Further research and additional information concerning 
this would facilitate the testing of models for the formation of new 
magnetite during the Alleghenian Orogeny.
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CHAPTER 5
CONCLUSIONS
Regional patterns of remagnetization and magnetite concentration 
are distinctly different in across-strike transects of northern and 
southern Appalachian Basin carbonates. In the southern Appalachian 
Basin, Paleozoic carbonates were sampled in Tennessee and Alabama. 
Paleomagnetic studies demonstrate that Ordovician carbonates of the 
Nashville Dome and Ordovician and Mississippian carbonates of the 
fold-thrust belt near Chattanooga were remagnetized during the Late 
Paleozoic Kiaman Reverse Magnetic Polarity Interval (Kiaman Reverse 
Superchron). These remagnetized sites contain higher magnetite 
concentrations than do unremagnetized Mississipian carbonates in the 
foreland basin between the Nashville Dome and the fold-thrust belt. 
The unremagnetized carbonates demonstrate only a present field 
magnetization with the exception of a Mississippian site in 
northwest Alabama which shows a dual-polarity magnetization of 
probable Mississippian age. The conodont alteration index of about 
1.5 for the observed section of the southern Appalachian Basin 
indicates maximum burial temperatures of 100°C or less (Epstein et 
al., 1977), too low for thermally activated remagnetization to have 
occurred. The higher average magnetite concentration in the 
remagnetized carbonates compared with the unremagnetized carbonates 
indicates that remagnetization was probably related to magnetite 
authigenesis in this region. Patterns of magnetite concentration
165
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and remagnetization in the southern Appalachian Basin are consistent 
with a remagnetization model in which fluids migrating from the 
orogenic zone towards the craton triggered the formation of 
authigenic magnetite during the Late Paleozoic Alleghenian Orogeny.
In the northern Appalachian Basin, Devonian carbonates were 
collected along a transect extending from Albany, New York to the 
Algonquin Arch in southeastern Ontario. Paleomagnetic studies 
demonstrate that all sites except the two westernmost sites on the 
Algonquin Arch were remagnetized during the Late Paleozoic Kiaman 
Reverse Superchron. The unremagnetized sites retain a dual-polarity 
magnetization of probable Devonian age. Again, the remagnetized 
sites were found to contain higher magnetite concentrations than the 
unremagnetized sites.
Studies of samples from the northern Appalachian Basin 
demonstrate that sites with the largest Kiaman components have the 
highest unblocking temperatures and the largest ratios of 
anhysteretic remanent magnetization to bulk susceptibility (X), 
indicating that these sites have the greatest amounts of 
single-domain magnetite (Banerjee et al., 1981). In the New York 
sites, the size of the Kiaman components and magnetite 
concentration, estimated from X, are highest in the central part of 
the transect and lower on either side. This correlates with 
K-feldspar concentration in the carbonate samples as estimated using 
X-ray diffraction analysis, and with the percent illite in 
mixed-layer i11ite/smectite in the Devonian Tioga Bentonite (within 
the Onondaga Formation) (Johnsson, 1986). These observations
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indicate that chemical factors are important in initiating magnetite 
authigenesis, illitization and synthesis of K-feldspar in the 
northern Appalachian Basin. The presence of north, shallow 
(possibly Kiaman normal) magnetic directions as well as south, 
shallow magnetic directions in a number of New York sites supports a 
fluid mediated chemical remagnetization model. If the Kiaman 
Reverse Superchron was interrupted by brief periods of normal 
polarity, separate fluid pulses during the reversed and normal 
periods could have resulted in the formation of reversed and normal 
Kiaman components. A thermal contribution to the remagnetization 
phenomenon in the northern Appalachian Basin cannot, however, be 
completely dismissed. Upstate New York exhibits moderately high 
thermal maturity, with paleotemperatures ranging from about 100°C 
near Buffalo to about 200°C near Albany (Friedman and Sanders, 1982; 
Friedman, 1987; Epstein et al., 1977). These data support the 
conclusion that remagnetization along the New York-Ontario transect 
is a chemical remanent magnetization triggered by hot fluids which 
mediated authigenesis of single-domain magnetite.
The northern and southern Appalachian Basins demonstrate varying 
patterns of remagnetization. In the north, remagnetization has 
affected Devonian carbonates all across New York State and into 
southeastern Ontario, and magnetite concentration varies in a 
pattern reflecting differences in the Late Paleozoic diagenetic 
environment as inferred from concentrations of illite and 
K-feldspar. However, in Tennessee and Alabama, higher magnetite 
concentrations are found in remagnetized carbonates of the Nashville
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Dome and the fold-thrust belt than are found in the unremagnetized 
carbonates of the intervening basin. This difference between the 
southern and northern basins is attributed to the much greater depth 
of burial of the northern Appalachian Basin during the Late 
Paleozoic. Results from the northern Appalachian Basin reflect 
remagnetization in a deep basinal setting, whereas the southern 
Appalachian Basin results suggest remagnetization in near-surface 
conditions.
Studies of the chemistry of iron and iron-containing minerals 
suggest that common magnetic minerals, including magnetite, can form 
via authigenesis or diagenesis in natural environments (e.g., 
Friedman, 1954; Henshaw and Merrill, 1980). Laboratory studies 
demonstrate that small-grained magnetite can be synthesized under 
conditions similar to those in the natural environment (Taylor et 
al., 1987) and authigenic magnetite has been found in soils in the 
United Kingdom (Maher and Taylor, 1988) and paleosols in China 
(Maher and Thompson, 1991). Studies of Appalachian Basin 
remagnetized carbonates, described in this report, show that 
Paleozoic carbonates also contain authigenic magnetite. The pathway 
of magnetite formation in carbonates is not yet known, but several 
models can be suggested which might explain magnetite authigenesis 
in carbonate rocks.
1) In one model, based on the studies of Taylor et al. (1987),
+ 2
warm basinal waters containing dissolved Fe enter the carbonate 
strata. The basinal waters encounter oxidizing ferrihydrite-rich
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waters within the pores of the carbonates, which results in the 
synthesis of new magnetite.
2) In another model, based on the observations of Luther et al. 
(1982), oxidizing basinal fluids enter pyrite-containing carbonates. 
Pyrite oxidation results in the formation of magnetite.
3) A third model, developed by Lu et al. (1991), proposes that 
authigenic magnetite is a by-product of the diagenetic alteration of 
detrital clay minerals to K-feldspar and illite.
A paradigm to explain remagnetization of Paleozoic carbonates in 
the Appalachian Basin is suggested. 1) During the Late Paleozoic 
Alleghenian Orogeny, pulses of hot, potassium-rich brines were 
expelled into the foreland basin. The conduits for these fluids 
were laterally continuous strata that may have plunged to deep 
burial levels during Alleghenian time. 2) The potassium-rich fluids 
mediated diagenetic changes such as illitization of smectite, 
formation of K-feldspar, and formation of authigenic magnetite, 
resulting in remagnetization of the affected strata. 3)
Carboniferous strata at shallow levels of the Tennesee-Alabama 
foredeep escaped significant remagnetization because they were not 
along fluid conduits. Most of the strata of the fold-thrust belt in 
Tennessee were remagnetized due to the enhanced permeability to 
fluids resulting from pervasive faulting.
A better understanding of remagnetization will result from more 
information about fluid conduits and further studies of the 
geochemistry of the remagnetizing fluids and pore waters of the Late 
Paleozoic Appalachian Basin.
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